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ABSTRACT

This work describes the use of a broadband spectral source for nonlinear
spectroscopy to characterize various materials with potential applications in confocal
microscopy, biological sample markers, optical limiting devices and optical switches.
The goal is to study the spectrum of nonlinear absorption and the dispersion of nonlinear
refraction as well as the dynamics of the nonlinearities by means of femtosecond excitepro be experiments.
The principle is quite simple: if a sample is under the influence of a strong fs
excitation pulse and a pro be pulse beam is incident at the same time, or shortly after
(within the decay time of the nonlinearity), then the probe pulse will sen_se the
nonlinearity induced by the excitation. If the probe pulse is broadband, a femtosecond
white-light continuum (WLC) in our case, we can monitor the nonlinearity induced over
the entire continuum spectrum in one laser "shot". The use of femtosecond laser pulses to
generate WLC will provide femtosecond time resolution for time-resolved spectroscopy.
We built the nonlinear spectrometer and allowed for many degrees of flexibility in
terms of choice of wavelengths for pump and pr9be beams and a dual detection system to
cover both visible and infrared spectral ranges. We have the possibility of performing

broad band spectral measurements using a spectrometer or selected narrow bandwidth
probes incident on Si or Ge photodiodes for improved SIN ratios.
The intrinsic properties of the continuum probe demand a careful characterization
of its spatial and temporal profile. Know ledge of the dispersion of the index of refraction
in various optical elements, including the sample itself, is also required for a correct
analysis of the transient absorption raw data, especially for short time-scale dynamics of
nonlinear processes.
We tested the system using well-characterized semiconductor samples, and the
results came out in excellent agreement with those from previous picosecond Z-scan
measurements and theoretical modeling. With confidence, we can now measure various
organic dyes with enhanced two-photon and excited-state absorption. Our setup is used to
conduct a systematic study on similar compounds with modified molecular structures in
order to learn about structure-property relations and draw guidelines for future design
work
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1. BACKGROUND

1.1. Introduction to third-order nonlinear optical processes
Nonlinear optics became a self-contained specialty of physics soon after the first
laser was invented in 1960 [1]. This discipline deals with phenomena that occur as a
consequence of the modification of the optical properties of a material system by the
presence of light. Typically, only laser light is sufficiently intense to modify the optical
properties of a material. Nonlinear optical phenomena are "nonlinear" in the sense that
they occur when the response of the medium to an applied optical field depends in a
nonlinear manner upon the strength of the optical field.
In order to describe the interaction of light with matter, the response of the
~

~

medium is described by the polarization P , which depends upon the strength E of the
applied electric field. In MKS units we obtain the following expansion:

p == 80 (xo) E + z<2) E2 + z<3) E3 + ... ) == p<1) + p<2) + p<3) + ...,

1

(l-l)

where z<n) represents then-th order optical susceptibility (tensor ofiank (n+l)) and

£0

is the permittivity of the vacuum In linear optics, the polarization depends linearly upon
the electric field, i.e., only the first term in the expansion from Equation 1-1 is
considered. This way, z<l) characterizes the linear interaction with the medium and
describes what are commonly known as the index of refraction and abso_rption coefficient
of the material Under intense illumination, the electric field inside the material becomes
comparable with the electric fields that bind matter together and the polarizability of the
material, a, becomes dependent on the applied electric field ( P
a(E)

= canst.

= a(E.) · E,

for linear case). Hence, higher order terms have to be taken into

consideration in Equation 1-1. The second order term (z< 2 >) is responsible for nonlinear
effects such as sum and difference frequency generation, second harmonic generation,
optical rectification, linear electro-optic effect and parametric emission. The next term in
the expansion for the polarization_(given by the third order nonlinear susceptibility tensor
z< 3>) gives rise to such effects as: third harmonic generation, d.. c.-induced second

harmonic generation, nonlinear refraction, two-photon absorption, optical Stark effect,
stimulated Raman and Brillouin scattering, and four-wave mixing.
For media with inversion symmetry the even-order susceptibility tensor elements
are identically zero [2]. Since the purpose of this dissertation is self-action processes
only, we are looking only at terms in the polarization that oscillate at the same frequency
as the input electric field. The even terms do not contribute (except through cascading
[3]), so that only odd terms are to be used. To define the nonlinear absorption and

2

refraction we start from a monochromatic input electric field (at frequency OJ) traveling
along the z-axis. We can separate the amplitude A and phase <l> by defining the electric
field as follows:

E

= Ae i<J> e i(kz-ax)

'

(1-2)

where k = n 0 k 0 = n 0 0J I c with k 0 being the wave vector in vacuum and n 0 the linear
refractive index of the material. We define the irradiance as:

(1-3)

where

£0

is the permittivity of the medium. By applying Maxwell's equations to this

electric field in the presence of the nonlinear medium having a polarization response
given by Equation 1-1 we can obtain the equations that describe the change of the
irradiance and total phase (nonlinear and due to propagation) inside the: medium (see
Appendix A):

di =-al

(1-4)

dz
d<P t

(1-5)

--=nk 0 •

dz

3

To derive Equations 1-4 and 1-5 we have used a thin sample approximation by assuming
that the diffraction effects in the sample are negligible. The equation describing the
change in the phase of the electric field due to the nonlinear effects only is:

(1-6)

The total absorption_coefficient a and the total refractive index n are given by:

(1-7)
(1-8)

where a 0 and n 0 are the linear absorption coefficient and refractive index and relate to
the imaginary and, respectively, real parts of the first order susceptibility from Equation
1-1 (for the practical case when the input frequency does not match the peak of an
absorption band, see Appendix A):

(1-9)

n0

= ~l + Re(z<1) ).

4

(1-10)

The nonlinear contributions to absorption ( a NL) and refraction ( n NL ) are dependent upon
the input electric field in a manner depending on the nonlinear process. If we consider a
nonlinear process in which the nonlinear response of the material corresponds to the first
nonlinear term in Equation 1-1 (i.e., the third-order term characterizes the nonlinear
polarization completely), we obtain the following expressions for the nonlinear
absorption and nonlinear change in the refractive index:

a NL = /JI

(1-11)
(1-12)

These equations characterize the two-photon absorption (2PA) process (Equation 1-11)
and the nonlinear optical Kerr effect (Equation 1-12). The two-photon absorption
coefficient

/3

susceptibility

and the nonlinear refractive index n 2 are related to the complex

z< 3)

through the following relations (see Appendix A):

/3 = 2ko ~(x(3l)

(1-13)

n 0 c£ 0

(1-14)
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For a material with a band-gap E g the 2PA appears when the photon energy is between
E c I 2 and E g [ 4]. For a semiconductor, for example, two photons give their energy at

the same time to an electron to excite it from the valence band to the conduction band.
This induces a change in the absorption of the material (given by Equation 1-11), which
corresponds to a change in the refraction of the material (given by Equation 1-12),
through the Kramers-Kronig transformations (see Section 1.3). Because the nonlinearity
appears on the time scale of the motion of the bound electrons (-10-rs s) the interaction is
practically instantaneous even for the shortest laser pulses. The nonlinear refractive index
n 2 is called bound-electronic in this case.
In materials where the nonlinearities are given by transitions between different
energy levels in the structure of the molecules, the nonlinear response of the material
becomes more complicated. This is the case of reverse saturable absorbers (RSA), where
the absorbance of the material increases with increasing input energy. The nonlinear
process through which RSA can be achieved is excited state absorption (ESA). ESA
appears in many materials, predominant in organic molecules because of the multitude of
energy levels that favor successive transitions. Some of the organic dyes exhibiting ESA
will be studied in Chapter 5. In order to understand ESA, we consider such a material
with all its N molecules in the lowest energy state, the ground state. When a laser beam
is incident on the material, the first incoming photons can excite some of the molecules
( N 1 ) to an excited state. If the lifetime of this excited state is not too short compared to
the laser pulse, the following incoming photons will be able to excite not only molecules

6

from the ground state, but also some of the N 1 molecules from the excited state to an
even higher excited state. If the probability of the transition between excited states is
higher than the probability to excite ground state molecules, we have obtained RSA. This
nonlinear absorption process (and the associated nonlinear refraction, through the same
Kramers-Kronig transfon;nations) is no longer an irradiance dependent process since the
number of absorbed photons (given by the number of transitions) depends on the
previous excitation. The nonlinear change in absorption (and refraction)_is proportional to
the number of excited molecules N 1 at a given time. The proportionality factor is called
the cross-section of the transition and is related to the probability of making that
transition to the higher energy state. Hence, in the case of ESA the rates of change of the
irradiance and phase are defined by:

di
-=-a
I-CF NI
dz
O
a
1
d(~<I>)

dz

Where

CF a

(1-15)

= a r N 1,

(1-16)

.

and ar are the excited state absorption and refraction cross-sections. The

linear absorption is given by the linear absorption coefficient a 0

=a0N

, where a O is the

ground-state absorption cross-section. The generation rate for the excited state population
b dN 1
. .
N 1 1s
given y - =a 0 - I
dt
hm

•
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1.2. Nonlinear absorption and nonlinear refraction
Searching for materials that exhibit nonlinear optical properties with potential
applications in optical limiting or all-optical devices is the drive for many of our
experiments, some of which will be described in this dissertation. A good optical 1imiter
is a device that has high linear transmission at low energy inputs but the transmission
drops dramatically and the transmitted energy stays below a specified value when the
input energy exceeds the damage threshold of the device to be protected (sensors, human
eyes, etc.). An example of an all-optical device is one that has the ability to direct the
light onto a specific output port according to an input control beam. It is usually desirable
that the switching time between configurations is short, on the orders of ps or less, which
is hard to reach with electronic devices. A good understanding of the mechanisms that
lead to the required behavior is the key to success. In this Section we will give details of
some of the nonlinear processes commonly used for practical devices.

1.2.1. Excited-state absorption and refraction
Excited-state absorption (ESA) is the absorption due to transitions from an
excited state to a higher excited state. If the excited-state absorption cross sections are
greater than that of the ground state, the process is known as reverse saturable absorption
(RSA). Because the ESA is exhibited only when the excited state is populated, which
occurs under intense illumination, a system that has RSA can be used as an optical
limiter.
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In order to understand what kind of response we should expect from a system that
shows ESA, some theoretical models have been developed. A five-level model was found
to explain the behavior of the nonlinear absorption in most of the materials studied for
optical limiting (several phthalocyanines and derivatives (5-7], polymethine and
squarylium dyes (8,9]). A schematic of this five-level model is given in Figure 1-1.

S2

T2

1:s2

S1 ..,.______.,...._...,........_

Tl

G

Figure 1-1. Five-level model for ESA. S1 and S2 are the singlet states, while Tl and T2
represent the triplet states.

The transition G-S 1 represents the linear (ground state) absorpt1.on, while the transitions
S1-S2 and Tl-T2 represent the singlet and tripl~t excited-state absorption. When an
intense pulse hits the sample, the first singlet excited state (S1) becomes populated.
Although this excitation brings molecules in any state of the vibrational manifold states
of S1, these states rapidly decay (usually less than a picosecond) to the bottom of the
band, which from now on we call energy level S 1. This applies to all excited states
involved in the following discussions. The population of S 1 can decay either to the triplet
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state Tl or to the ground state. The lifetimes of levels S1, S2, Tl, T2 are 'ts,, 'ts2, 'tn, 'tT2.
The triplet yield, <l>, represents the fraction of the total excited state population that ends
up in the triplet state and it is given by the ratio between the overall lifetime of the first
singlet excited state S 1 and the intersystem crossing time 'tisc- The most accurate
determination of all the parameters listed above is given by Z-scan and pump-probe
experiments performed in the picosecond (ps) and/or nanosecond (ns) regimes and they
will be described in Chapter 2.
In this dissertation we are going to look at some particular organic dyes that
exhibit ESA. The main purpose of the experiments that are going to be presented is to
determine the spectrum of the ESA (i.e., the range of wavelengths over which the ESA
takes place) and/or to look for new ESA bands in the visible and near infrared range. The
decay lifetime of level S1 is on the order of nanoseconds (ns). We have performed
femtosecond white-light continuum pump-probe experiments at a fixed delay (about 80
ps) and the spectrum of ESA was recorded. On this time scale the triplet states do not get
populated (some of our molecules do not exhibit triplet states at _all) so the five-level
model reduces to a 3-level model (i.e., only singlet states, S1 and S2) for our purposes.
The simplified schematic is shown in Figure 1-2.
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S2
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Figure 1-2. Three-level model for ESA.

The rate equations for the proposed 3-level model are as follows:

dNo
I
Ns1
- = -aoNo-+-dt

dNs1
&

--=--

nco

i-o

l
l
Ns1 Ns2
= a0No--a1Ns1----+-·

nm

nm

~

i-2

(1-17)

l
Ns2
dNs2 _ N
-a1 s 1 - - - dt
nco i-2

The equation that gives the transmittance is given by:

di

dz

~(-a0 N 0 -a1Nsi)I.

(1-18)

As explained in Section 1.1, along with the change in transmittance there is a change in
the refractive index as well. For the excited state process, the phase changes according to:
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(1-19)

where ~<I> is the phase shift defined in Section 1.1 and the a, is the singlet excited-state
refractive cross-section. This is a simplified approach. In fact, at high input energies the
absorption of the ground state is depleted while the absorption of the excited state
increases. The change in index depends on the relative sizes of both of these effects as
well as the relative frequencies of these transitions.

1.2.2. Two-photon absorption
In other materials studied, other absorption mechanisms take pl.ace. Two-photon
absorption (2P A) is one absorption process associated with the imaginary part of

z< 3)

of

the material. The physical constant that characterizes this process is the 2PA coefficient

/3, as defined by Equation 1-20. Often, the 2PA process is followed by another
absorption process: in semiconductors the electrons that were excited to the conduction
band by 2P A can be further excited, absorbing more energy from the incoming beam
(similarly for the holes) [10]. In other materials, this two-photon induced absorption can
be treated as a further excited state absorption [11]. In any case, an absorption crosssection cr can be defined in order to ·explain the higher order nonlinear absorption in these
materials.
The equation that describes the two photon absorption followed by carrier or
excited state absorption is:
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di
2
-=-/JI
-aNI

dz

(1-20)

where the carrier density N created during the excitation pulse is given by:

(1-21)

which gives for a Gaussfan input I =I O exp(- (t Ir P )2 ) a total carrier density (after the
pulse) of

(1-22)

To obtain a 2PA signal, the sample must have low linear absorption, but it should
be capable of absorbing two photons. This can be expressed as follows:

nm< Eg < 2nm.
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(1-23)

1.2.3. Nonlinear absorption mechanisms: ESA vs. 2PA
We can use open aperture Z-scan (as described in Section 2.1) data to extract the
excited state absorption cross-sections for ESA processes, or the two-photon absorption
coefficients for 2PA processes by solving the proper equations to fit the data A problem
arises, however, when one deals with an unknown sample, or a sample that can exhibit
either or both of these processes, or maybe even a different process leading to
transmission loss. The answer to this problem lies in time-resolving the process. This will
be discussed in the following Chapter using pump-probe experiments, but a decision
upon the nonlinear mechanism responsible for the nonlinear effect can be made by
performing Z-scan experiments with different pulse widths.
To understand this, let us calculate the nonlinear transmittance of a sample in the
assumption that the nonlinear absorption mechanism is: (a) ESA, or (b) 2PA.

(a) ESA

For simplicity, we assume that the input energy is low enough that no saturation
occurs and no ground state depletion takes place (i.e., N O =N, all the .molecules are in
the ground state at all times). We also consider the three-level model for ESA (i.e.,
picosecond regime). With these approximations, Equations 1-17 reduce to:

dNs1
dNo
I
--=---=aoNo-,
dt
dt

nw
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(1-24)

and Equation 1-18 becomes:

(1-25)

Integrating Equation 1-24 we obtain the time dependence of the ground and excited state
populations,

No (t) = N exp[-F(t )! Fs]

(1-26)

N Sl (t) = N{l-exp[-F(t )! Fs ]},

(1-27)

and

where N is the total population, F s

= hw
o-o

is the so-called saturation fluence [12] and

t

F(t) = JI(t')dt:

(1-28)

-oo

With this, Equation 1-25 becomes:
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(1-29)

For small inputs (i.e., F << Fs) we can approximate the exponential in Equation 1-29
with the first two terms from the Taylor expansion to obtain:

dl(t) =-Na1I(t)+N(a1 -ao)1(rf1- F(t)J=-Na0 I(t)-N(a1 -a0 )F(t) I(t).(1-30)
dz

\

Fs .

Fs

Integrating Equation 1-30 in time we obtain the equation for the fluence (integrated
irradiance:

dF

l

F2

1

F2

~

2

~

2

~

-=-NaoF--N(a1 -ao)-=-aF--ca:-

where a

= a ON

is the linear absorption coefficient and L

(1-31)

= a1
ao

-1 .

Equation 1-31 is a very good approximation for the three-level model for the ESA
process for relatively low input energies. It is useful to consider the practical case of
Gaussian input beams because it gives us an analytical solution to Equation 1-30. We
2

define in this case a saturation energy given by Es
30 in r we get the equation for the energy:
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= Fs

nwo
2

. Integrating Equation 1-

00

dE
1 £XL
2
1. £XL 2
-=-aE---2rcf F(r) rdr=-aE---E .
~

o

2~

(1-32)

4~

Integrating this equation over the sample length L we obtain:

E(L) =

E(O')e-aL
I+_!.LE(0)(1-e-aL)'
4

(1-33)

Es

This approximate solution of the three-level system is only good for energies (fluences)
smaller than the saturation energy (fluence), because we have assumed this in expanding
the exponential function from Equation 1-29 in a power series.
Equations 1-31 and 1-33 show that this process is fluence dependent rather than
irradiance dependent (as we would be tempted to believe from Equation 1-25). This
means that, within the approximations made here, the ESA process is pulse width
independent. Practically, the nonlinear response of an excited state absorber changes only
slightly with even a drastic change in pulse width.

(b) 2PA

In contrast with the ESA process, the 2PA process is irradiance dependent, i.e.,
the nonlinear signal will change with changes in the pulse width. To show this, let's
ass1:1me that the carrier absorption is much smaller than the 2PA process. Adding small
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residual linear absorption characterized by the linear absorption coefficient a, Equation
1-20 becomes:

dl

= -al _ /JI 2

dz

(1-34)

'

which after integrating over the sample length gives the output irradiance

I(L)=

I(O')e-aL -aL ,

(1-35)

1+ /JI(0)-1-_e_

a

where 1(0) is the input irradiance and L is the sample length. Clearly, Equation 1-35
shows that the 2PA process is irradiance dependent and not fluence dependent like the
ESA process. Note the close analogy between Equations 1-31 for fluence and 1-34 for
irradiance. This is one of the reasons it can be difficult to differentiate between the
processes of RSA and 2P A. One solution to the problem is to perform experiments at
different pulse widths.

1.3. Kramers-Kronig relationships
As was mentioned in the previous Sections, the parameters that describe the
nonlinear absorption and nonlinear refraction associated with a specific process are
related through a very important relationship. In the following we will show how the
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Kramers- Kronig (K-K) relations can be deduced for linear optics and how they can be
applied to nonlinear optics.
Kramers and Kronig discovered independently in the 1920s the relations that bear
their names for scattering of X-rays. They introduced a fundamental relationship between
the real and imaginary part of a time-independent response function R(m) of a linear
system. In order to be able to obtain the K-K transformations, three principles have to be
satisfied: causality, the response of the medium P(t) depends only on the applied signal

E(r) for t > -c (external field Eis applied at moment 't); time-invariance, the response is
the same whenever the signal is applied; and linearity, the response of the medium has to
have a linear dependence on the input signal.
For an optical system, the response of the medium is represented by the
polarization:

00

00

P(t) = JR(t, r)E(r)dr = JR(t-r)E(r)dr.

(1-36)

-oo

-00

The last identity in Equation 1-36 is a consequence of the time-invariance of a linear
system response. The Fourier transform of Equation 1-36 gives us the linear part of the
polarization at frequency m (e.g., in Section 1. 1 see the first term of Equation 1-1):

P(m) = R(m )· E(m) = e0 z(m )· E(m}
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(1-37)

By applying the causality principle to the time response function (the Fourier transform
of the response function R(w) from Equation 1-37) we obtain in the frequency domain
the following equation [13]:

1

00

z(w)=-. fcJ f x
l1t

-00

(n)

(1-38)

dQ,

Q-0)

where fcJ denotes the Cauchy's principal part integral. Because z(w) is a Fourier
transform of a real function, z(w) = (x(-w ))* we can transform Equation 1-38 to
integrate only over the physically possible positive frequencies by separating the complex
susceptibility into its imaginary and real parts. Since they are related to the linear
absorption coefficient and the linear refractive index from Equation 1-38 one can obtain
the K-K relations for linear optics [13]:

a(Q)
on2 -m2

00

C

(1-39)

n(m)-1=-fc}f---dQ
1(

( ) =- 40J
am

2

1(C

fcJ

n(n)-1
2
2
on -w

OOJ
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dQ

.

(1-40)

These relations are obtained by applying Equation 1-38 to the complex refractive index
17

= no + i aoc
2m

and applying a relativistic causality principle (which states that no signal

can propagate faster than c) [13].
The mathematical form of these integral relations is known as a Hilbert Transform
pair. Equations 1-39 and 1-40 show that the linear absorption and refrac_tion are not
independent of each other, ie., knowing the spectrum of one of them one can find the
spectral dependence of the other. Because measuring the linear absorption spectrum is
much easier than measuring the dispersion of the linear refractive index, Equation 1-39
has more practical use than Equation 1-40. Still, the knowledge of the entire absorption
spectrum is essential for determining the refractive index.
Since the Kramers-Kronig relations require a linearity of the response in the
applied electric field, their applications to nonlinear optics takes some care and is not
possible in all cases. A linear response can be obtained in the case when we consider the
material plus the input light as a new, altered system, as shown in Figure 1-3.
The non-degenerate pump-pro be experiment performed later in this dissertation to
determine the nonlinear absorption spectrum is an exampl~ of a system that behaves
linearly with respect to the probe beam. If an excitation beam with frequency

We

and

irradiance I e interacts with a medium, the absorption coefficient and refractive index are
given by a= a 0 + a NL and

n

= n 0 + n NL. They depend on

We

independent of the probe irradiance IP , assumed to be weak.
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and I e, but they are

Pump

Probe

Probe
(a)

(b)

Figure 1-3. Linear system for Kramers-Kronig relations. a) Linear optics, the material is
probed at all frequencies Q, b) Nonlinear optics, the new system (material plus light at
frequency OJe ) is pro bed at all frequencies Q .

Hence, for any input beam the pump-perturbed medium responds linearly to the
probe beam signal and the Kramers-Kronig relations given by Equations 1-39 and 1-40
can be applied. Since the unperturbed system (i.e., with no excitation) obeys the K-K
relations as well, and using the fact that the Hilbert transformations are linear, we can
subtract the unperturbed part to obtain the K-K relations for the nonlinear change in
absorption coefficient and refractive index:

LJ
.
I
LMt\OJ p 'OJe' e

)= .!::_ fr)oof ~a(n;
OJe 'I e) dQ
2
2
TC

O

Q

(1-41)

-OJ p

(1-42)

22

It is important that the excitation remains constant during the integration such that

the response of the medium depends only on the pro bing frequency Q that sweeps the
entire probe spectral range. Actually, since Equations 1-41 and 1-42 relate the changes in
the absorptive and refractive coefficients"( due to the nonlinear interaction) and not their
absolute values, the integration has to be made only over the significant -spectral range
where nonlinear changes exist. Given the proper material, this reduces the measuring
effort significantly [13]. As in the linear case, it is easier to measure the nonlinear
absorption spectrum than the nonlinear refractive index dispersion, such that Equation
1-41 presents more practical interest.
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2. MEASUREMENTS OF NONLINEAR ABSORPTION AND
NONLINEAR REFRACTION

This Chapter presents experimental methods for measuring nonlinear absorption
and nonlinear refraction. A very well established and accurate method to measure both
the sign and the magnitude of the nonlinearities is the Z-Scan technique. In order to study
the dynamics of nonlinear absorption one has to use a pump-probe, or excite and probe,
experiment.

2.1. Z-Scan
This is a sensitive single-beam technique for measuring both the nonlinear
refractive index and nonlinear absorption coefficient for a wide variety of materials [14,
15] .. The technique is based on the transformation of phase distortion to amplitude
distortion during beam propagation. For many practical cases, nonlinear_refraction and its
sign can be obtained from a simple linear relationship between the observed
transmittance changes and the induced phase distortion without the need for performing
detailed calculations. The Z-scan experimental apparatus is shown in the following
illustration.
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Glass
Wedge
Sample

- z +•------+)II + z

B

D1

Figure 2-1. Simple Z-scan experimental apparatus in which the transmittance ratio D2/D 1
is recorded as a function of the sample position z.

Using. a Gaussian laser beam in a tight-focus limiting geometry we measure the
transmittance of a nonlinear medium through a finite aperture placed in the far field as a
function of the sample position (z) measured with respect to the focal plane. Assume, for
instance, a material with a negative nonlinear refractive index and a thickness smaller
than the diffraction length of the focused beam (a thin sample). This can_be regarded as a
thin lens of variable focal length. Starting the scan from a distance far away from the
focus (negative z) the beam irradiance is low and negligible nonlinear refraction occurs;
hence the transmittance (D2/Dl) remains relatively constant. As the sample is brought
closer to focus the beam irradiance increases leading to self-lensing in the sample. A
negative self-lensing prior to focus will tend to collimate the beam causing a beam
narrowing at the aperture, which results in an increase in the measured transmittance. As
the scan continues and the sample passes the focal plane to the right (positive z) the same
self-defocusing increases the beam divergence leading to beam broadening at the aperture
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and thus a decrease in transmittance. This suggests that there is a null as the sample
crosses the focal plane. This is analogous to placing a thin lens at the focus resulting in
minimal change of the far-field pattern of the beam. The Z-scan is completed as the
sample is moved away from focus (positive z) such that the transmittance becomes linear
since the irradiance is again low. A pre-focal transmittance maximum (peak) followed by
a post-focal transmittance minimum (valley) is, therefore, the Z-scan signature of a
negative refractive nonlinearity. Positive nonlinear refraction following the same analogy
gives rise to an opposite valley-peak configuration. The induced beam broadening and
narrowing is illustrated in the figure below.

Figure 2-2. Illustration of beam narrowing and broadening due to the intensity induced
self-action of the sample.

In the above picture describing the Z-scan, one must bear in mind that a purely
refractive nonlinearity was considered assuming that no absorptive nonlinearities (such as
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multi-photon or saturable absorption) are present. Qualitatively, multi-photon absorption
suppresses the peak and enhances the valley, while saturation produces the opposite
effect. For a thin sample, the sensitivity to nonlinear refraction is entirely due to the
aperture, and removal of the aperture completely eliminates the effect. However, in this
case the Z-scan will still be sensitive to nonlinear absorption. Nonlinear absorption
coefficients can be extracted from such "open" aperture experiments.
The method with detailed mathematics and how it can be applied and analyzed for
a variety of materials are best presented in Reference 15. Just for illustration of the Zscan signature we consider an instantaneous nonlinearity and a temporally square pulse.
This is equivalent to assuming CW radiation and that the nonlinearity has reached steady
state. The normalized transmittance T(z) in the far field is shown below (Figure 2-3) for
A<I>o

= + 0.25 (nonlinear phase change) and a small aperture (S = 0.01

where Sis defined

as the transmittance of the aperture in the absence of the sample). The curves exhibit the
expected features, namely, a valley followed by a peak (v-p) for the positive nonlinearity
and a peak-valley (p-v) for the negative one. For a given A<I>o the magnitude and shape of
T(z) do not depend on the wavelength or geometry as long as the far field condition for
the aperture plane (d >> Zo) is satisfied. The aperture transmittance S, however, is an
important parameter since a large aperture reduces the variations in T(z). This reduction
is more prominent in the peak where beam narrowing occurs and can result in a peak
transmittance, which cannot exceed (1 - S). Needless to say, for a very large aperture or
no aperture (S

= 1), the effect vanishes and T(z) = 1 for all z and A<I>o.
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Figure 2-3. Calculated Z-scan transmittance curves for a cubic (i.e. third-order)
nonlinearity with either polarity and a small aperture (S = 0.01).

2.2. Excite-probe technique
In order to understand the dynamics of nonlinear absorption one has to use a
different approach since Z-scan gives no information on the time evolution of the
nonlinearity. This is the pump-probe, or excite and probe experiment, another well
established technique. The experiment consists of a strong pulse (excitation) which
induces a nonlinearity in the material and a weak pulse (probe) which can be delayed in
time to record the dynamics of the nonlinearity. With delayed pump-probe experiments
both the buildup and decay times of optical nonlinearities in different samples can be
determined. The mechanisms that govern the nonlinear absorption can be inferred from
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its time evolution and from its energy dependence as measured in Z-scan experiments
performed in different time regimes (see Chapter 1).
If the weak beam comes at the same time as the pump beam or within the decay

time of the nonlinear response, it will "see" this created nonlinearity. Appropriate pulse
widths should be used according to the mechanisms under study, e.g., nearly
instantaneous or very fast processes should be approached with picosecond or even
femtosecond pulses, as is the case for bound electronic nonlinearities or intra-band
vibrational relaxation in ESA materials; decay lifetime of an excited state (usually in the
order of few nanoseconds) or thermal nonlinearities could be monitored using picosecond
or nanosecond pulses. The delay lines could be as long as a few meters (tens of
nanoseconds).
The principle of the pump-probe experiment is illustrated in Figure 2-4. The two
beams need to be spatially overlapped inside the sample. Usually the probe beam is
focused down to a small spot at the sample position such that it sees a close to uniform
illumination from the excitation beam. This greatly simplifies the analysis. One would
have to perform a spatial integration over the beam profiles if this requirement is not met.
The angle at which the two beams intersect has to be small enough (few degrees) to a void
spatial walk-off inside the sample. The pump beam is dumped after passing through the
sample. Care must be taken in separating the pump and probe beams from each other.
Since the pump beam is at least 10 (preferably 100) times more intense than the probe
beam any scattered pump into the pro be path will influence the measurement. If the two
beams have orthogonal polarization states, two crossed polarizers can be placed in the
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probe path, before and after the sample. If the two polarizations have to be parallel, an
aperture could be used to separate the probe from the pump. A reference probe beam is
often provided using a beamsplitter before the sample and the ratio of detectors D2 and
D 1 is monitored as a function of time delay, -r .

Probe

Sample

Delay line,

't

Figure 2-4. Pump-probe experimental setup. Ratio D2/D1 is monitored as a function of
time delay, -r .

2.3. Time-resolved spectroscopy
This technique is a slight variation of the pump-probe method in order to allow
the user to extract more information on the nonlinear properties of the material in one
measurement. It is essentially a time delayed, wide bandwidth probe pulse that samples
the nonlinear effects induced by the excitation beam. Instead of single detectors to
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monitor the probe output one uses a spectrometer and detector array to register the entire
spectrum of the pro be pulse at different time delays. The result translates into the
spectrum (over the bandwidth of the probe, ~OJ) of nonlinear absorption. The nice
feature of the pump-probe technique, that is, the capability to look at the dynamics of the
nonlinearity, is preserved as long as the broadband probe has similar temporal
characteristics to the pump, i.e. short pulse. All the experimental details mentioned in the
previous Section apply here, also. The two beams have to be spatially overlapped in the
sample and well separated before reaching the detection system. The schematic of the
experiment is illustrated below. The two probe beams (reference and signal) are input to
the spectrometer through multimode optical fibers and spectra are recorded using a CCD
(charged coupled device) dual diode array.

Reference
SPEC

Sample

~

.

Delay line,

't

Figure 2-5. Time-resolved spectroscopy setup. A CCD array connected to a spectrometer
(SPEC) records the spectrum of the probe beam as a function of time delay, 1: •
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2.4. Conclusions
We have summarized in this Chapter some of the most useful experimental
techniques for nonlinear optics. The general idea is to probe the material during or' after
the nonlinearity has been induced by a strong (excitation) beam. Single beam
experiments, i.e., Z-scan, constitute a powerful and simple tool for measuring both
nonlinear absorption and nonlinear refraction. If one is interested in the dynamics of the
nonlinear processes, a pulsed two-beam experiment (pump-pro be) has the ability to time
resolve the interaction of light with matter by delaying the probe with r'espect to the
pump. To go even further, as opposed to performing single wavelength experiments, we
mentioned how a wide wavelength range probe beam could save time and produce the
spectrum of nonlinear absorption that is of great interest in many applications.
Time-resolved spectroscopy studies are the main focus of this dissertation. The
following Chapters give a detailed description of the experimental setup, generation of
the wide bandwidth probe as well as the physics of nonlinear processes in materials that
interest us for optical limiting and biomedical applications.
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3. ULTRAFAST NONLINEAR SPECTROSCOPY .

In this Chapter, we will describe the experimental setup used in time-resolved
spectroscopy. A broadband, short pulse of light is generated using a very small amount of
energy focused into a piece of sapphire or fused silica. This can be used as a probe, in a
similar fashion to how a white light source is used in spectroscopy to study linear
absorption properties of materials. The new idea is to look at the absorption properties
after a strong excitation beam induces some nonlinearity in the sample.
After presenting the schematic of the apparatus, we will go into details regarding
the laser sources, generation of the probe beam (white light continuum) and the specific
requirements for characterizing different nonlinear processes (related to the time
evolution of the process).

3 .1. Experimental setup
The diagram of the pump-probe experiment is shown in Figure 3-1. The labels of
different optical components, laser sources and detection system are as follows: Mmirror; BS - beamsplitter; F - neutral density filters; L - lens; A - adjustable iris
diaphragm; P - calcite GLAN polarizer; A I 2 PR- wavelength independent polarization
rotator; NBF - narrow-bandwidth filter (used in single wavelength experiments, only);
RR- retroreflector; BD - beam dump; CPA-2001- femtosecond laser source; OPA-1
33
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Figure 3-1. Experimental setup for time-resolved spectroscopy. The spectra of white light
continuu~ signal and reference, are recorded vs. the time delay between pump and probe
beams.
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and 2 - optical parametric generator/amplifier; SPEC - dual-fiber input spectrometer;
CCD - dual CCD (charged-coupled devices) array. The mirrors used before the OPA's
are ultrafast laser broadband 45°mirrors centered at 775 nm (Newport, #10B20UF.25), all
the other mirrors are broadband metallic (silver) mirrors with high reflectivity (>80%) in
the range 480 nm to 20 µm (Newport, #10D20ER.2). The beamsplitter that provides the
two laser pump beams at the OPAS's inputs has a R/T=60/40 (%) ratio such that OPA-1
has slightly more pump power than OPA-2. The secqnd BS used in the white-light
continuum, WLC, beam is a broadband (R/T=50/50) dielectric stack for use in the visible
or near infrared range.
Since the pump and probe beams are, in general; at different wavelengths and are
generated through different combinations of pump, signal and idler wavelengths in the
nonlinear parametric process, their mutual states of polarization could often be
orthogonal. Our laser sources cover a very wide range of wavelengths, practically all of
the visible (VIS) and near infrared (IR). If the user needs to change the polarization in
one beam path, a quarter-wave (or half-wave) plate for that wavelength is required. In
some wavelength ranges these waveplates are not commercially available or are very
expensive. That is why the use of a wavelength independent polarization rotator in
combination with a polarizer comes in very handy to allow for parallel or perpendicular
polarization between pump and probe, without further modifications in path length when
the wavelengths need to be switched. The A I 2 PR is made out of a liquid crystal (LC)
layer (about 120 microns thick) between two rubbed glass surfaces that can orient the
molecules of the LC according to a specified director vector. By rotating the two surfaces
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with respect to each other, one can adiabatically change the orientation of the LC
molecules going from one director vector at the input face to the director vector of the
output face, "dragging" along with them the polarization vector of the input electric field
[16].

The white-light continuum beam, after generation in the sapphire window, is
imaged onto the sample and then the fiber input to the spectrometer using lenses. The
spatial extent of the probe at the sample plane is not very small (-500 µm) due to
chromatic aberrations and astigmatism induced by the optics (slight misalignment from
the on-axis geometry). One could use reflective optics in an off-axis arrangement
(mirrors) instead of lenses, so that the chromatic aberrations would be eliminated but the
astigmatism introduced could be even worse. There are a few more reasons (specific
properties of the WLC) for not being able to focus the probe very hard inside the sample
and they will be discussed in Section 3.3. We preferred to keep the on-axis geometry for
its convenience. The pump and probe (signal) beams are spatially overlapped inside the
sample. We try not to use a focusing lens in the pump path (if enough energy is available
for excitation at that wavelength) such that the probe sees a near to uniform illumination.
A reference probe beam is useful in monitoring the continuum fluctuations and
hits the sample at a different location than that of the signal beam, thus avoiding the
excitation pulse. It also provides valuable information on the linear properties of the
sample, as we will see in the next Chapter. Both probe beams are collected using
multimode fibers (100 µm core diameter) mounted on x-y translation stages.
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The retroreflector in the pump path is mounted on a translation stage and can be
moved over a large distance, supplying delay times from 60 fs up to hundreds of
picoseconds. A stage using a differential micrometer is also installed to provide the fine
adjustments needed in resolving very short time scale processes, as low as 10 fs.

3.2. Femtosecond sources
In order to obtain the high irradiance (--GW/cm2) pulses of light for doing
nonlinear optics one has to either increase the energy per pulse, goal that is not easily
achievable without damaging most of the optical components, or reduce the pulse width
by a few orders of magnitude so that the energy of the pulse is delivered in a short time.
In the last decade, incredibly short duration pulses have been obtained, 2.5 fs is the up-todate record and that implies only few optical cycles for the light to oscillate.

3.2.1. Femtosecond laser
An overwhelming proportion of ultrashort sources is based on some "mode

locking" mechanism. Such a laser requires a broadband gain medium, which will sustain
over 100,000 longitudinal modes in a typical laser cavity and these modes can be locked
in phase with each other. The simplest cavity so far is that of the Ti:sapphire laser, which
contains only the active element (the Ti:sapphire rod), mirrors and dispersive elements
[17]. The output power is typically several hundred mW (few nJ's of energy) at pump
powers of less than 10 W. To get more energy per pulse one can amplify the output of the
oscillator using a regenerative amplifier. The method is known as Chirped Pulse
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Amplification (CPA) and the block diagram is shown in Figure 3-2. The femtosecond
pulses from the oscillator are sent to a pulse stretcher where its spectral components are
spread in time over hundreds of picoseconds. This will ensure that no damage of laser
components occurs during amplification. One pulse is switched out and will seed the
regenerative amplifier. After several passes through the gain medium it reaches the
desired energy level and is switched out of the cavity. The pulse suffers the opposite to
the stretching effect in the pulse compressor, ending up with very high energy delivered
in the original femtosecond time duration.

A

Oscillator

Pulse stretcher

Pulse
compressor
Regenerative amplifier

Figure 3-2. Block diagram of a Chirped Pulse Amplification system: Oscillator, Pulse
stretcher, Regenerative amplifier and Pulse compressor.

38

The detailed principle of the method as well as the physics involved in each of the four
components is best found in Reference 18. There are several possibilities in choosing the
gain medium of the regenerative amplifier, e.g. LiSGaF, LiSCaF, Ti:sapphire [19]. By far
the best and easiest to use is again the Ti: sapphire due to its good thermal properties that
allow the laser to operate at high repetition rates (kHz as opposed to tens of Hz in other
media). There has been intense research in developing and engineering these CPA
systems such that they have become commercially available for the past five years in
compact and reliable designs.
Our femtosecond laser source is a CLARK-MXR system, model CPA-2001,
operating at 775 nm, 1 kHz repetition rate, with 940 microjoules (µJ) of energy per pulse
in 120 femtoseconds (fs). It is comprised of three separate lasers that will be briefly
mentioned in the following.
The oscillator is an erbium doped fiber ring laser based on the "breathing soliton"
principle, invented at MIT [20]. It is pumped by an IR Telecom diode laser that has an
expected lifetime of 20 years. This fiber laser is very stable over months of operation,
practically adjustment-free. The seed pulse is sent to the pulse stretcher placed in the
same lower section of the laser system. After the pulse has been stretched, it is directed
into the upper half of the system using a periscope and enters the amplifier stage.
The regenerative amplifier cavity has two flat end mirrors, one high reflector with
R=100% and an output coupler (OC) with R=98%. The only reason for having the OC is
to use the 2% leakage incident on a fast photodiode as a monitor of the overall
performance. The cavity is Q-switched using a polarizer (the same one used for seed
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injection), ¼ waveplate and a ¼ wave Pockels cell. The gain medium in the regenerative
amplifier is a Ti:sapphire rod, optically pumped by a doubled-frequency Nd:YAG, Qswitched laser (ORC). This pump laser operates at 532 nm and 1 kHz repetition rate with
an output power of 8W. The d.c. lamp used in pumping the Nd:YAG rod has to be
repiaced every 500 hours of operation and the electrical current on the lamp is gradually
increased over time to maintain the output power (at 532 nm) at the 8 W level.
The seed pulse, after several round trips in the cavity, is amplified to the desired
level (-900 µJ) and one pulse out of the train of pulses (11 ns apart) is switched out. The
timing of the Pockels cell can be adjusted so that a specific single pulse leaves the
regenerative amplifier. For stability reasons, it is recommended to use the first pulse after
saturation of the gain has been reached. The final stage is the double-pass grating
compressor, having an adjustable length allowing the user to look for optimum pulse
width.
There are many issues one has to take into account when operating a CPA system
to insure the stability of the laser over time, especially if this laser is further used as a
pump source for Optical Parametric Generator/Amplifier (OPG/OPA). Deviations from
the "perfect" laser pulse in time or space will automatically affect and be amplified in the
characteristics of the output from the OPG/OPA since this device uses a nonlinear
process tq generate new frequencies.
The energy stability of the CPA-2001 is within 2%, mostly due to the great
stability of the ORC laser pumping the regenerative amplifier and the fact that the entire
casting of the laser is stabilized in temperature. We see large fluctuations in output power
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at 775 nm if the cover of the laser is taken off or the Ti:sapphire rod is not optimally
pumped with 8 W of green.
At this high level of irradiance, different optics in the regenerative amplifier (rod,
mirrors, Pockels cell) and the diffraction grating in the compressor could easily be
damaged. Keeping these surfaces clean is very important as well as avoiding focusing the
light to a small spot size. A damage spot along this line will usually translate into a "hot"
spot in the laser spatial beam profile. Figure 3-3 shows the profile of the laser beam taken
at 1 meter away from the exit aperture using a silicon CCD camera.
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Figure 3-3. Spatial beam profile of the laser at 775 nm, taken 1 meter away from the laser
output. a) X-profile with Wx = 2.59 mm (HW1/e2M); b) Y-profile with Wy = 2.52 mm
(HW1/e2M).

41

The spatial distribution of intensity in our laser beam is close to a Gaussian after this
propagation distance. There is some deviation from a perfect symmetrical beam and that
can be easily seen a few meters away from the output. The beam suffers from
astigmatism, which means it has different divergence in the horizontal and vertical
directions. Also, in the far field, some of the higher order modes propagate away from the
central part of the beam and the profile looks much cleaner. The far field behavior is
equivalent to going through a focal plane. The deviation from the perfect Gaussian beam
and astigmatism will affect any application where focusing of the beam is desired, i.e.,
parametric and white-light continuum generation.
The temporal width of the pulse can be adjusted by changing the distance between
roof mirror and diffraction grating in the pulse compressor. A single shot autocorrelator
(SSAC) is a valuable tool for alignment in real-time. We built one of the same type as
proposed by Jansky et al. [21]. This method transforms the temporal shape of the pulse
into a spatial profile, which can then be viewed by a CCD camera [22]. The SSAC
sometimes gives erroneous results (due to the tilt of the pulse front, see next Section) as
far as the actual value of the pulse width measured, but is always indicating the right
direction to go in the alignment process.
Another quick way of telling when the pulse is shortest is to use a short focal
length lens (f=5 cm) to focus the entire energy of the pulse and thus obtain air
breakdown. At these levels of intensity, thousands of GW/cm2 , the laser can ionize the air
molecules, stripping electrons out of their atomic shells. A bright white spot can be
observed in the focal region and its brightness increases as the pulse gets shorter in time.
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For an accurate measure of the pulse width, we use a multi shot scanning
autocorrelator, illustrated in Figure 3-4.

DAQ

...

.

Delay line

Input

Figure 3-4. Multi shot autocorrelator in Michelson interferometer geometry.

A 50/50 beamsplitter (BS) produces two pulses that travel identical path lengths along the
arms -o f the interferometer. Both retroreflectors (RR) are 90° glass prisms, one being
installed on a translation stage to provide the time delay between the arms. The two
beams recombine on the same path after the BS and are incident on a two-photon
absorption (2P A) detector.
This type of autocorrelator usually has a second harmonic (SH) crystal to register
· ear interaction of the beams that relates to the intensity autocorrelation of the
pulse to be measured. Another option is the use of a 2PA material, such as ZnSe, the
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result will be a loss to the fundamental signal which shows up as an inverted
autocorrelation identical in width to the SHG result. We use GaAsP and GaP photodiodes
(Hamamatsu, #01962, #01737) as 2PA materials. The only condition is to have low
linear absorption at the wavelength of interest. These diodes work over the entire
wavelength range of our femtosecond sources (600 run to 1500 nm) and eliminate the
need to use both a nonlinear material and a PMT or detector to look at the autocorrelation
signal. Their spectral sensitivity is given below. The photons absorbed in the 2PA process
generate an electrical current in the detector, and thus a voltage that can be read by the
acquisition system (DAQ).

(b)

(a)

Figure 3-5. Spectral sensitivity of 2PA photodiodes: a) GaP, b) GaAsP.
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The result of the pulsewidth measurement is illustrated below.
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Figure 3-6. Autocorrelation of the pump laser, A =775 nm, FWHM = 183 fs using Sech2
fit (solid line).

Finally, one more diagnostic is needed for the laser operation, its spectral intensity. We
use a homemade laser spectrometer with a 1200 grooves/mm diffraction grating and a
CCD linear array. The laser spectrum is shown below.
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Figure 3-7. Spectral intensity of the pump laser, },,, =775 nm, FWHM = 5.63 nm using
_
Sech2 fit.

The time-bandwidth product for the laser pulse is L'.\ v -L\t

= 0.33

only 6% greater than the

transform-limited product of 0.31 (for a Sech2 pulse).

3.2.2. Tilted pulses
Tilted pulses originate from improper pulse compressor alignment. Practically any
dispersive element with angular dispersion (gratings, prisms) can cause the tilt of the
pulse front. We recently discovered this problem in our laser. It is commonly present in
CPA systems but can be corrected. The manufacturer of the CPA-2001 overlooked this
issue and did not allow for the necessary adjustments in the pulse compressor. Their
design uses a 90° prism to wrap around the beam path in the compressor. That angle
should have been adjustable, by replacing the prism with two independent mirrors.
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We define a tilted pulse as one in which different parts of the beam are delayed in
time with respect to each other as shown below.

Untilted pulse

Tilted pulse

(A)

(B)

d

0t1it

•

section (b)

.6,xti1t=C&u11

Figure 3-8. Difference between tilted and untilted pulses; d - distance between sections of
the beam, Axtilt - distance between slices in free space; Attnt - time delay between slices,
c - speed of light in free space, Stilt - tilt angle.
The effect of the tilt on the autocorrelation measurement can be easily overlooked. In a
single-shot SH autocorrelation the beam is usually divided into two replicas, one of
which goes through a delay line. The arms cross in a nonlinear crystal and SH of the
fundamental wavelength is generated (Figure 3-9 A). The longer the pulse in time is, the
wider the SH pattern gets. The two beam replicas are tilted the same way in a regular
SSAC and this can lead to an underestimation or overestimation of the pulse width,

depending on the direction of the tilt. We purchased a Tilted Front Pulse Autocorrelator
(TFPA, Light Conversion, Ltd.) that inverts one arm in space before the two beams cross
inside the crystal. If one pulse is tilted forward in one arm, it gets tilted baGkwards in the
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other arm. In Figure 3-9 B, one can see two superimposed slices of the tilted pulse. Both
slices generate SH from the shaded regions. With tilted pulses at the input, the regions of
different sections of the beam will get shifted perpendicular to the beam. This translates
into a tilt of the SH pattern (Figure 3-9 C).

Single-shot SH autocorrelation

(A)

SH pattern on
the screen

- - · section ·(a)
(8.)

- - section (b)

(C)

.6)(SH

Figure 3-9. Pulse tilt measurement using a single shot autocorrelator: A) two beams
crossing inside the SH crystal; B) tilted pulses crossing in a TPFA; C) SH pattern on the
screen showing th~ tilt of the pulse.

In the illustration above, <I> is the beam intersection angle inside the crystal,

~Xti1t' -

distance between the slices of the two sections (a) and (b) inside the crystal, ~XsH -
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distance between the slices of two sections of SH pattern on the screen and 0sH - tilt
angle of the SH pattern. With some geometrical reasoning and taking into account the
calibration of the single shot autocorrelator (shift of the SH pattern with a known delay
introduced in one of the arms) one can derive the following formula for calculation of the
pulse tilt:

tan(0tilt) = ~ tan(0sH ),

2k

where c - speed of light and k

=

(3-1)

. ( <I> J.
C

2nsm 2

The pulse width measurement performed with our TFPA gave the same result as
the multi shot Michelson interferometer because the tilt of the pulse does not affect the
latter one. It also measured the tilt of the SH pattern in the horizontal direction to be
0 SH = 13°. According to Equation 3-1 and k = 2.57 109 mis for our setup, the pulse front

tilt is 0tizt

= 0.77°. There is no tilt in the vertical direction. One can check it by turning

the TFPA from the initial setup 90° around the longitudinal axis.
The tilt of the pulse front should be avoided whenever an optimum focalization of
the pulse energy is sought. In Figure 3-8 (B) different .sections of the beam are delayed
w'ith respect to each other by !1t tilt . This will lead to a temporal broadening of the
intensity distribution in the focal plane. If we consider our laser beam with a radius of
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1.52 mm (HWHM) and 0. 77° tilt of pulse front we obtain 11t tilt to be as high as 68 fs, a
considerable amount of temporal broadening for a pulse width of 118 fs.
Another method, which results in a complete characterization of ultrashort pulses,
both amplitude and phase, is what we call Frequency Resolved Optical Gating (FROG)
[23]. There exist many variations of this method depending on the nonlinear process used
to extract the information on the pulse. We chose one type of FROG that allows the user
to see in real time the evolution of the chirp imposed on the pulse and is also fairly simple
to build, that is Single Shot Polarization Gate FROG [24]. It turns out that this version of
the FROG is also a spatial autocorrelation, just like the SSAC. Any method based on the
spatial overlap of two beam replicas that eventually relates to the duration of the pulse
could be affected by the tilt of the pulse in either direction. Our SSAC measured shorter
pulses than expected, whereas the FROG predicted longer pulses. We were puzzled by
these results so we checked our multi shot autocorrelator (based on 2PA) against AC-150
(Clark-MXR), multi shot, SH autocorrelator. The last two devices finally agreed with the
TFPA and we.concluded that care must be taken when absolute measurement is desired,
not qualitative results (for alignment purposes).
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3.3. Parametric devices
The most useful tool in doing spectroscopy is the availability of many different
wavelengths to probe the material properties. In most cases, a laser is desired for its better
characteristics than any other light source, i.e. spatial and temporal coherence, short
pulsewidth, directionality, monochromaticity, energy. Wavelength tunability is a
requirement not that easy to meet. Dye lasers have been around for two decades now.
Using many different dyes one can extend their tunability range from UV to near IR. An
all-solid state device would be preferred over dye solutions. Second-order nonlinear
processes offer the solution to the problem through the possibility of gei1erating new
frequencies in non-centrosymmetric crystals.
If two or more frequencies are present in such a material, different combinations

of the input electric fields (i.e., second harmonic, sum, and difference) can drive
nonlinear polarization terms in Equation 1-1. However, typically no more than one of
these frequency components will be present with any appreciable intensity. The reason is
that the nonlinear polarization can efficiently produce an output signal only if the correct
phase-matching condition is satisfied. Usually this condition cannot be satisfied for more
than one frequency component at a time.
The word parametric has come to denote a process in which the initial and final
quantum-mechanical states of the system are identical. Consequently, in a parametric
process population can be removed from the ground state only for those brief intervals of
time when it resides in a virtual level. According to the uncertainty principle, population
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can reside in a virtual level for a time interval of the order of nI AB, where L\E is the
energy difference between the virtual level and the nearest real level.
One difference between a parametric and non-parametric process is that the
parametric process can always be described by a real susceptibility. A non-parametric
process is described by a complex susceptibility. Also, photon energy is always
conserved in a parametric process.
Let's consider the case of three optical waves. A strong pump wave at frequency
ffi.3

can provide, via interaction in a nonlinear crystal (NC), simultaneous amplification for

optical waves with frequencies mi and roi (signal and idler). This result can be understood
intuitively by means of the energy level description of a three-wave mixing process
illustrated below.

Figure 3-10~ Photon description of the interaction of three optical waves.

Two conditions have to be satisfied in the process. First is the energy conservation, which
is written as follows:
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(3-2)

Parametric light converters can be tuned over wide frequency regions if the phasematching condition is met simultaneously with energy conservation:

(3-3)

The indices of refraction n1, n 2 , n 3 can be changed by tuning the crystal orientation, its
temperature, pressure or electric field applied to the crystal.
Our experiment requires a tunable and powerful source for excitation of various
materials. The best commercially available system is the TOPAS (Light Conversion,
Ltd., Lithuania) that stands for Traveling-wave Optical Parametric Amplifier of
Superfluorescence. This device employs four amplifier stages in a single Beta-Barium
Borate (BBQ) negative uniaxial crystal. The pump laser is the output of the CPA-2001
system at 77 5 nm. A small fraction of the pump (. . . 5 % ) is used to generate broad band
superfluorescence, close to the damage threshold of the BBO crystal and continuum
generation. This seed is shaped in the preamplifier stages, with negligible gain, using the
pump as a far-field aperture. The fifth stage boosts up the energy of the parametric pulse.
The NC is angle tuned along with preamplifier and amplifier delay stages. The entire
operation of the TOPAS is computerized, once the tuning curves have been saved after
initial alignment. The beam paths from the input aperture of the device to the output of
parametric radiation are sketched below:
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Figure 3-11. Schematic of the optical parametric generator/amplifier TOPAS.

At the present time, we use two TOPAS systems in our pump-probe experiment in order
to have independent access to various wavelengths. In the past we only had one
OPG/OPA system that restricted our choice of probe wavelengths. The signal was chosen
according to the excitation wavelength required by the nonlinear process of interest (ESA
or 2PA) and the idler was prescribed by Equations 3-2 and 3-3.
The tuning curves for TOPAS 1 and 2 are shown below. Since the laser pump
wavelength is in the near IR, 775 nm, the signal and idler photon energies will be lower
according to Equation 3-3 (wavelengths between 1160 nm and 2200 J?-m). In order to
achieve shorter wavelengths in the VIS range, further frequency mixing can be used,
second harmonic of signal (SHS), second harmonic of idler (SHI) and sum frequency of
pump and idler (SFP&I) wavelengths. Only TOPAS 1 has the additional mixer (BBO

54

150

--

~
~
0)

"Q)

•
•
V

100

a
0

S&I (2)
SFP&I (1)
SHS (1)
SHI (1)
S&I (1)

Ooooo

.a

•

•o
.o

a8 ii•i ..

0

000

ooo

··-·-•• ••

00

••

•

C

w

•

0

700

900

1100

1300

1500

Wavelength (nm)

Figure 3-12. Energy tuning curves for TOPAS (1) and (2) with the following mixing of
frequencies options: parametric signal and idler (S&I), second harmonic of idler (SID),
second harmonic of signal (SHS) and sum frequency of pump and idler (SFP&I).

crystal) for mixing of signal, idler and pump at the output of the parametric process. We
will see in the next Section why mainly IR wavelengths are of interest for us, and we use
the output ofTOPAS 2 as the probe source in our pump-probe experiment. TOPAS 1 can
provide almost any wavelength necessary to excite our samples, VIS or near IR.
A nice feature of this OPA device is that the NC (BBO) uses type II phase
matching for generation of the parametric radiation. That means that the degeneracy point
at double the pump wavelength does not really affect the performance. The signal and
idler at 1550 nm have orthogonal polarizations so they are distinguishable. This way the
spectral and temporal widths of the signal and idler as they approach the degeneracy
point do not blow up as is the case in type I phase matching. The signal becomes the idler
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at wavelengths longer than 1550 nm in accordance to labeling "signal" as the highest
frequency generated in the parametric process.
These parametric devices are stable on a daily basis. Minor alignment of the pump
beam at the input aperture may be required after the laser has warmed up for at least an
hour. Sometimes too much "tweaking" leads to power instabilities and the user has to be
careful to move mirrors back and forth in small steps. The parametric process has so
many variables, or in other words, the search space is so complex, that after touching too
many optical components one has to start the alignment over from the preamplifier stage.
After the seed has been generated with symmetric spatial profile and stable over time,
one has to overlap the pump and seed pulses going through the NC. The spatial overlap
(coincident paths) is very important or else the signal will break up into many spots with
less energy only a few meters away from the output of the device. The best spatial profile
of the signal does not necessarily imply the maximum output power. There is a trade-off
between power and good spatial properties in the parametric beam.
After the general alignment of the OPA is finished and the tuning curves are
saved in the computer (position of each stepper motor, i.e., crystal, preamplifier,
amplifier and mixer, for a particular set wavelength) there are two finer adjustments that
should be done on a weekly basis or when the parameters .of the pump laser change. An
aperture was inserted in the power amplifier path (sometimes the pump beam parameters
are not optimal in matching the seed parameters). A slight adjustment of this aperture can
improve the output signal profile and eliminate any modulation instabilities caused by
overdriving the final amplification stage. Lastly, the output power is maximized by
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changing the pulse width of the pump laser, through the adjustable length of the
compressor stage, even if that pulse width is not necessarily the shortest.
The pulse widths over the tuning range of the OPA stay more or less constant in
the range of 100 fs, slightly shorter than the pump pulse width due to the fact that
nonlinear processes are less efficient in the wings of the pulse.

3.4. White-light continuum generation
The propagation of powerfutultrashort laser pulses in transparent media can give
rise to one of the most spectacular phenomena of nonlinear optics: superbroadening of
the pulse's spectrum into a white-light continuum (WLC), also called supercontinuum
[25, 26]. This well-known phenomenon can occur in a wide variety of transparent
condensed media [27, 29] and in gases [28].
The first observation of the white-light continuum dates back to the late 1960's,
when Alfano and Shapiro focused powerful pico second pulses into glass samples [25].
L

The continuum that they observed covered the visible spectral range and extended into
the near infrared. In 1983 Fork et al. generated the first femtosecond continuum by
focusing powerful 80-fs pulses into an ethylene glycol film [27]; the resultant continuum
_ ranged from the ultraviolet to the near infrared. Continuum generation in gases by
femtosecond pulses was then demonstrated by Corkum et al. [28].
The general characteristics of the femtosecond continuum are as follows: its
spectral width depends on the medium in which is geperated [30], its spectrum is
modulated [25], its polarization is in the same direction as the polarization of the input
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pulse [30], and its anti-Stokes frequency components lag temporally its Stokes
components [27, 31]. The femtosecond continuum exhibits a smaller beam divergence
than the pico second continuum [28]. It is found that its anomalous divergence does not
imply the absence of strong self-focusing but is rather due to a self-guiding mechanism
that involves the Kerr effect. When it is projected onto a screen, the femtosecond
continuum beam appears to the eye as a white disk, often surrounded by a distinct
concentric rainbow-like pattern (conical emission). For clarity, the term "white-light
continuum" will hereafter refer to the low-divergence, central part of the beam and
exclude the conical emission.
Despite its widespread use, the WLC remains far from being well understood.
Especially intriguing is the mechanism that determines its spectral width. Among the
various mechanisms that have been suggested so far, we find self-phase modulation
(SPM) [25, 27, 32], ionization-enhanced SPM [33], and four-wave mixing [25, 34]. It is

at present generally believed that the main mechanism in femtosecond continuum
generation is SPM enhanced by self-steepening of the pulse [26, 32]. A shortcoming of
this model is its prediction of a broader continuum in media with higher Kerr
nonlinearity, a trend that is not observed [26] (the bandgap dependence, i.e. spectral
widt_h increases with bandgap, dominates - large bandgap implies lower Kerr effect). For
instance, the continuum generated in water is .among the broadest observed, despite the
particularly low Kerr nonlinearity of water.
Self-focusing is believed to play an ·important role in continuum generation in
extended media. Experiments have shown that the power threshold for continuum
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generation coincides w1th the calculated critical power for self-focusing [28, 35]. This is
not surprising, considering that the onset of catastrophic self-focusing at critical power
leads to a drastic increase-in intensity, which can enhance SPM. However, this
coincidence also suggests an intimate connection between the continuum and the
mechanism that stops catastrophic self-focusing. Such a connection was first proposed by
Bloembergen [33] to explain the picosecond continuum. In his model, self-focusing is
stopped by avalanche ionization; the appearance of free electrons enhances SPM and
results in the continuum. A similar mechanism can be envisaged for femtosecond
continuum generation in condensed media. In this case, an important mechanism of freeelectron generation is multiphoton excitation (MPE) [36].
In Reference 37., an extensive study of WLC generation has been done in various
condensed media. The results confirmed that continuum generation is triggered by selffocusing and reveal a strong dependence on the medium's bandgap. A bandgap threshold
(4.7 eV) is found below which the medium cannot generate a continuum and above
which the continuum width increases with the bandgap. This helped us in selecting
sapphire as the medium to use for generation of WLC due to its high damage threshold
and large bandgap (9.9 eV). This material is situated at the top of the best materials (from
bandgap considerations) to use for continuum generation, next to CaF2 (10.2 eV), water
(7.5 eV) and fused silica (7.5 eV).
The configuration we use for continuum generation is illustrated below. The
neutral density filters F are used to attenuate the IR pump beam coming from TOP AS 2.
We use near IR radiation because, according to the results presented above, the anti-
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Stokes component of WLC (shorter wavelengths than the pump wavelength used for
generation) is much broader than the Stokes one.
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Figure 3-13. Experimental setup for white-light continuum generation.

This suggests the use of a long pump wavelength outside the range of interest to avoid the
modulation in the spectrum present near the pump wavelength and obtain as broad as
possible continuum. It is also desired to have the pump wavelength outside the spectral
responsivity of the detection system, if possible. We are mainly interested to generate
VIS continuum and use a silicon CCD array to register the spectrum. In this case, any
pump wavelength longer than 1200 nm works just fine.
We use 1400 nm as the pump and reduce its energy down to 1-2 µJ. The lens used
for focusing the light in the sapphire (1 to 2.5 mm thickness) can vary from f = 5 cm to f

= 10 cm, depending on the thickness of the sapphire window. The window is placed on a
stage to allow for a better positioning in the focal plane of the lens. The second lens (f =

15 cm) in our setup is used to image the continuum to the plane where the sample will be
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placed. The first aperture (A) plays an important role in adjusting the beam focusing
parameters, along with the focal length of the lens and the power level incident on the
sapphire. The sapphire is moved along the optical axis at the same time the aperture and
filters are adjusted in order to get the most stable continuum, with the broadest spectrum
and smallest beam divergence. The second aperture then selects the central part of the
beam that appears white to the eye. This procedure may take a while but very specific
conditions have to be met for an optimum continuum generation. For example, if the
focal length of the lens is too short and the sapphire window thin, we can generate
continuum in a concentric rainbow pattern with significant chromatic aberrations or
spatial chirp, i.e. different regions of the beam exhibit different spectra. This type of
continuum is very difficult to image and collect within the fiber-input spectrometer.
As a rule of thumb, after the lens is aligned to be centered very well on the input
IR pump, we start off with the lowest input power that generates a very weak broadening
of the spectrum, _visible to the eye. At this time, the aperture is fully opened. The power is
increased and the sapphire translated such that the focal spot is inside the sample. When
the rainbow pattern is acquired one can reduce the aperture to change the continuum
appearance to a white spot. These steps are repeated back and forth until the desired
white spot is obtained with minimal input power (1-2 mW in our case). This regime is
often called "single filament regime" for continuum generation, to recall the self-guiding
effect.
Other experimental issues relate to the fact that the sapphire is a uniaxial single
crystal (hexagonal structure), so that the incident light experiences an index of refraction
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depending upon the orientation of the crystal axis with respect to the plane of incidence.
Since the process of continuum generation is closely related to the index of refraction of
the material, the spectral content of the WLC may depend upon the sapphire orientation
as well. The critical power above which continuum is obtained is high enough to cause
damage of the material after a long exposure, especially if dust accumulates on the
surface. A solution to the problem is rotation of the sapphire window. This can be done if
the c-axis is normal to the surface plane (0° orientation) and the spectrum will not be
affected by an index change (ordinary index independent of rotation).
An example of the continuum spectrum taken with a low-resolution spectrometer

(described in the next Section) and a linear silicon CCD array is shown below. The
spectral sensitivity of the camera is not factored in so the drop out of the spectrum in the
900 nm region is not a real feature in the spectrum.
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Figure 3-14. White-light continuum spectrum in the VIS and near IR region. The pump
wavelength is 1400 nm, outside the detector responsivity range.
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For longer wavelengths,-a different type of detector should be used as we will see in the
next section. The spectrum does not extend very much into the UV region mostly due to
absorptfoii of £he-·opticafcorriponents but, In-general,-i(1s-hard to generite those short
wavelengths without overdriving the window that leads to damage.

3.5. Detection system
In order to look at the entire broad spectrum of the continuum (hundreds of nm's)
a low resolution spectrometer has to be used. We chose the model SpectraPro 150 from
Acton Research Corp., a compact and extremely rugged 150-mm, f/4-a:perture imaging
spectrograph that features a high-throughput imaging optical system, interchangeable
dual-grating turrets and fully computer controlled. The optical design corresponds to an
imaging Czerny-Turner spectrometer with aspheric mirrors.
When we purchased this equipment, we ·had in mind the entire wavelength range
from 300 nm to 1.7 µm. This range is too broad to be covered by one diffraction grating
with reasonable resolution and one type of detector. So we split the range in half and
designed one setup for UV, VIS and near IR up to 1000 nm (where a Silicon detector
works well) and left the longer wavelengths for a second grating-detector combination.
The choice of near IR detectors is limited to Ge and InGaAs commercially available
systems. Princeton Instruments Inc. manufactures linear CCD arrays, both Silicon and
InGaAs, fully compatible with Acton Research Spectrometers. However, the dual diode
array of InGaAs is m~e of a kind and was developed in collaboration with Sensor
Unlimited, Inc.
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The spectrometer is equipped with two diffraction gratings, Grating 1 - aluminum
coating, 150 lines/mm, blazed at 500 nm for the VIS and near IR range and Grating 2 goid-coating·;

fso fui-es/mm, biazect at·- i2ob iuntor longer wavelengths~ we need to

register two spectra simultaneously, both signal and reference probe beams. The two
inputs can be displaced in the vertical direction and couple into a bundle of two optical
fibers, each with a core diameter of 100 µm. and a 1 mm+ 50 µm core-to-core spacing.
Two spots will hit the diffraction grating and travel along in a parallel fashion. The
distance between the fibers matches the displacement between the two linear arrays of the
Princeton Instruments detector located at the output focal plane. The focal-plane size is
25 mm wide x 10 mm high. The theoretical reciprocal linear dispersion of this
6

.
10- xcos
D, w here D - diffract10n
.
spectrometer
turns out to be 44 nm/mm (RLD = --fxa
angle, f - focal length in mm, a - number of lines per mm and RLD is obtained in
nm/mm). Its resolution, in this case limited by the input slit width (100 µm core fiber is
imaged at the output plane, equivalent to 4 CCD pixels), is about 4.4 nm in the visible
range, close to the measured value of 4.45 nm for an input delta function in the spectral
domain (cw He-Ne laser, A.=543.5 nm).
The spectrometer is calibrated using Hg and Ar discharge lamps over the VIS
range and various band-pass filters in the IR. The detection system is completely
computer controlled through a ST-121 Princeton Instruments controller. This is also
driving the TE cooler that maintains the temperature at -25° C for low noise ope.ration of
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the CCD sensor (water cooled). Evacuation of the sensor chamber down to about 100
mTorr is needed to prevent condensation of water vapors from collecting on the array.
Both

cco detectors -have close to 1 mm spacing between -the centers of the pixel

arrays. The Silicon array has 1025 pixels (-25 µm wide) in one row whereas the InGaAs
array has only 256 pixels (-100 µm wide). The resolution of the spectrometer in the IR
range is thus the same.
The spectral responsivities of the two detectors are given below.
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Figure 3-15. Spectral responses of dual photo diode arrays (DPDA) used in our detection
system: visible (top) and near infrared (bottom).
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We notice that the Silicon and InGaAs sensor responses overlap in the 900 nm to 1100
nm region (the spectrum of the WLC in this range can be checked with both detectors for
increased accuracy) and together they cover a very wide spectral range from 300 nm to
1700nm.

3.6. Setup for ESA and 2PA
There are few differences in the experimental setup whether we look at ESA or
2PA due to the time sc·a le of the nonlinear process.
For ESA, the interest focuses mainly on looking at the spectrum ,of the excited
state and its evolution in time (to measure lifetimes). We set the time delay between
pump and probe at a particular value, not less than few picoseconds (to eliminate
transient effects, i.e., chirp of WLC, intra-band vibrational relaxation) but much shorter
than the decay lifetime of the excited state, in the order of nanoseconds. The spectrum is
recorded using the spectrometer with the attached CCD array at a fixed time delay. If one
is searching for new ESA bands and expects the strength of these transitions to be
relatively weak or is unknown, a more sensitive technique is looking at single
wavelengths selected from the WLC using band-pass filters. The transmission of the
probe through the sample is registered as a function of time delay. A better signal-tonoise ratio is reached if two detectors are used in place of the spectrometer coupled to the
dual linear CCJ? array. The scanning method with a single-wavelength probe is also used
when precise time evolution of ESA is desired.
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The 2PA process is a fast one, nearly instantaneous, and takes place only during
the overlap between pump and probe pulses. A fine resolution translation stage has to be
used for sampling the fem.to second time scale of the nonlinear process.-The pulse widths
are in the order of 100 fs. This translates into a 30 µm delay line and a 3-5 µm step

needed to record the probe transmission through the sample. We assign the zero time
delay to the maximum overlap between the pump and probe pulses, that leads to the
maximum 2PA signal measured. This is the general and fastest method for finding the
zero time delay point, as is any instantaneous process, SHG, SFG or optical Kerr effect
(0KB). We used SFG in a BBQ crystal to find the zero time delay between the two
OPA's, TOPAS 1 and 2.
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4. WHITE-LIGHT CONTINUUM CHARACTERIZATION

When a continuum pulse is used in femtosecond pump-probe spectroscopy a
frequency chirp (temporal dispersion of frequency) is introduced into the continuum that
is due to positive group-velocity dispersion (GVD) of optical elements. This frequencytime relation is in general not linear because of a relative phase difference caused by
higher-order phase disto_rtion. Such nonlinear chirp in the continuum is difficult to
eliminate completely over its whole visible spectral range, even with a combination of
negative-GVD optical configurations [38]. The chirp is significant even with no GVD
introduced in the continuum path, owing to the self-phase modulation process in
condensed matter that is responsible for WLC generation. This far from bandwidthlimited pulse was measured by fs frequency-domain interferometry [39].
In the case of a chirped probe pulse in pump-probe spectroscopy, transient spectra
suffer from a wavelength-dependent time-delay distortion, so one must perform delaytime correction in these spectra to extract true dynamics. This is extremely important,
especially in the case of short time scale processes, where the nonlinear interaction talces
place during the time overlap of probe and excitation pulses.
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4. 1. Temporal chirp measurements
For delay-time correction to be performed, the pulse chirp character, i.e., the
relation between wavelength and time, must be well characterized. This procedure is
usually performed by a cross-correlation technique [27], in which an appropriate
nonlinear crystal and its optimum alignment for a phase-matching angle at each
wavelength are required. Many instantaneous processes can be used to obtain the crosscorrelation signal, a wavelength independent one such as 2P A or the optical Kerr effect,
OKE, is easier to use not having to wony about phase-matching [40, 41]. By wavelength
independent, we mean that the setup does not change when we scan over the continuum
range. Of course, there will be certain conditions for these processes to work, e.g., for a
given pump wavelength and region of interest in the WLC spectrum, only certain
materials will exhibit 2PA. The OKE effect is even better from this point of view. The
electronic n 2 having a very wide spectrum and practically any pump-probe wavelength
combination will result in a cross-correlation signal given high enough pump irradiance.
In the past we used 2PA materials to measure the chirp of the continuum, either
semiconductors or organic dyes. The main goal of our pump-probe spectroscopy
measurements is to come up with the 2PA spectra of different families of dyes that
undergo mole9ular structure changes in order to enhance their two-photon absorption
cross-sections. Semiconductors, like ZnSe ~d ZnS, have an appreciable GVD that will
be added onto and perhaps dominate the continuum chirp. In order to eliminate some
ambiguity and make a clear distinction in our measurements between the intrinsic chirp
of the continuum ( after passing through optical components) and the chirp induced in the
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sample to be measured, we decided to use OKE for continuum characterization as well as
dispersion measurements of our samples.

4. 1.1. Non-resonant optical Kerr effect
The electrooptic effect is the change in refractive index of a material induced by
the presence of a de (or low frequency) electric field. In some materials, the change in
refractive index depends linearly on the strength of the applied electric field. This change
is known as the linear electrooptic, or Pockels effect and can be described by a secondorder nonlinear susceptibility. It follows that a linear electrooptic effect can occur only
for materials that are noncentrosymmetric.
In centrosymmetric materials (such as liquids ·and ·glasses), the lowest order
change in the refractive index depends quadratically on the strength of the applied field.
This effect is known as the Kerr electrooptic effect or as the quadratic electrooptic effect.
We use the experimental setup described in Figure 3-1, where the positions of all
the optical elements such as lenses, mirrors, and sample cuvette are exactly the same as
those in the absorption measurement. When changing the setup from the absorption
measurement to the cross-correlation measurement, we have only to replace the sample
solution with a transparent solvent, set the linear polarization direction of the pump pulse
to about 45° with respect to that of the probe continuum pulse, which is vertical, and set
the analyzer perpendicular to the polarizer. We used tetrahydrofuran (THF) and hexane
htgh spectroscopic grade solvents. The pump pulse is centered in the near IR (750 nm or
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longer), far away from the UV electronic resonances of the solvents. The probe
continuum pulse is chirped mainly by GVD in the sapphire (or fused silica) itself, the
imaging lens, the plastic polarizer sheet, the front window glass (1.25 mm) of the cuvette
and the solvent (1 mm).
In the time-resolved non-resonant OKE measurement~ the pump.:.induced
anisotropy of the refractive index of hexane changes the polarization_state of the probe
continuum, and the change of the probe transmittance through t~e crossed polarizer/
analyzer pair is detected by the spectrometer and CCD array. The index change is
proportional to the square of the pump electric field so the phase change experienced by
the probe pulse can be written as follows:

(4-1)

where L is the optical pathlength in the solvent, A - the _probe wavelength and le - the
excitation (pump) irradiance. Considering that the probe polarization direction is at 45°
with respect to the principal-axis system of the anisotropic liquid (or else a
transformation of coordinates can be used which results in a multiplication factor only),
the measured OKE signal (WLC probe inten~ity) after the analyzer is given by:

(4-2)
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Using Equation 4-1 in Equation 4-2, for small phase shifts, we obtain the expression for
the time integrated OKE signal at a particular wavelength in the WLC spectrum and time
delay rbetween pump and probe:

00

l OKE (;i, 1:') oc JIwLC (t -r)I e 2 (t )dt.

(4-3)

-oo

It is now clear why the time resolved OKE signal is regarded as the cross-correlation of
the squared pump irradiance with the pro be irradiance.
The experimental procedure is as follows. The non-resonant OKE spectra of the
solvent (hexane in this example) are recorded for different time delays between pump and
continuum probe pulses. We chose a step in delay line equivalent to 20 fs and that is a
fine enough resolution to sample the duration of the WLC at each wavelength. The timeresolved OKE spectra are obtained from the difference between the pump-on and pumpoff intensity spectra and the result is shown in Figure 4-1 for a few delay times. This
background subtraction is necessary because of the poor extinction ratio of the crossed
polarizer/analyzer pair; however, it causes no serious problem for our purposes.
It is desired to obtain the WLC,s chirp information over the entire range of
interest for transient spectroscopy, e.g., the_VIS and near IR range below 900 nm for
most of our dyes. That implies the OKE signal be present in this wavelength region. Due
to the spatial chirp of the continuum and poor extinction ratio mentioned above, the
broadest range we were able to acquire in one OKE measurement was 450 nm to 850 nm.
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Figure 4-1. Time-resolved OKE spectra of hexane. Time delays between pump and probe
pulses are indicated for each spectrum, where zero delay means the time of the maximum
overlap between the pump and the probe at 750 nm.

One alternative is to look at different spectral regions in the WLC separately, then paste
and glue the chirp information together, given some overlap between these regions.
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0KB cross-correlation traces at different wavelengths are made from the OKE
spectra by summing up over five pixels for each wavelength region of about 5 nm.
Representative cross-correlation traces are shown in Figure 4-2.
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Figure 4-2. OKE cross-correlation traces at different wavelengths. Gaussian fitting is
used to determine the time delays of the peaks.

As we expected, the cross-correlations at all wavelengths are very close to being
symmetric with respect to time. Due to the instantaneous nature of the OKE process, the
time delay corresponding to the maximum cross-correlation signal for each spectral
interval (- 5 run) denotes the time arrival of those wavelengths in the WLC spectrum at
the sample, or the zero delay point between the pump pulse and that particular "color" of
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the chirped probe. This way we can map the chirp of the continuum over this range of
wavelengths, from 450 nm to about 850 nm. Due to the scattered pump (750 nm in this
experiment) in the probe path to the spectrometer input fiber (hard to avoid given the
optimum time and spatial overlap of the two pulses, i.e., a transient grating is formed
inside the sample) the interval 730 nm to 770 nm is eliminated from all spectra.
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Figure 4-3. Wavelength-dependence of the time delay in the continuum probe determined
by the OKE. cross-correlation technique in a 1 mm-pathlength hexane cuvette (with 1.25mm glass wmdows).

The closed circles in the above graph denote the peak positions of the cross-correlation
traces taken in 10 nm-wavelength increments. The solid line in Figure 4-3 is a fit to
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~=a-(~r +b-(~]1 +d,

(4-4)

where a= 7.42x104 ps·nm4, b = -3.92x105 ps·nm2 and d = 0.7 ps. From this measurement
we can estimate the duration (or rate of chirp) of the continuum to be about 350 fs per
100 nm wavelength interval.

Let's review the experimental conditions this WLC chirp is obtained under (refer
to Figures 3-1 and 3-13):
the fundamental wavelength pro be for generating the continuum is set at 1400 nm
(E1400-2.4 µJ)

the focusing lens (from Figure 3-13) is a plano-convex one with f = +75 mm
the fused silica window has a thickness of L=l.5 mm
the optical components in the continuum path before the sample are: plastic sheet
polarizer (L=0.5 mm), imaging lens (f = + 150 mm, L-1.5 mm), bea1nsplitter (L-2

mm, at 45°)
the sample cuvette has glass windows (L=l.25 mm each) and is filled with hexane (1
mm pathlength).
Very similar values for the chirp fitting parameters (a, band d above) are obtained in the
case where a sapphire window is used for continuum generation (L=l mm) with slightly
lower input power at 1400 nm. Fused silica is an isotropic material (as opposed to the
birefringent sapphire) that allows for its rotation during the data taking process without a
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possible index change. We also noticed a better quality continuum (whiter to the eye,
with less spatial chirp) when using fused silica.
The goal of this OKE measurement (or any other chirp characterization method)
is to infer the time duration of the continuum probe incident on the sample independent
of the nonlinear absorption measurements. Unfortunately, any method is susceptible to
errors since the continuum accumulates chirp in the sample itself (hexane and glass
window cuvette in our case). The dispersion of the glass (2.5 mm in total) and solvent ( 1
mm) is comparable to that of the optical comp.onents in the continuum path listed above.
To minimize the overall continuum duration and reduce the chirp induced in the sample,
we replaced the beamsplitter with a 1mm thick microscope cover slide and performed the
same OKE experiment in a 1.5-mm fused silica window.
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Figure 4-4. Wavelength-dependence of the time delay in the continuum probe determined
by the 0KB cross-correlation technique in a 1.5-mm fused silica window.
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The result is shown in the above figure, where a= -6.59xI04 ps·nm4, b = -2.8xI05 ps·nm2
and d = 0.5 ps. The chirp rate is reduced to about 257 fs per 100-nm wavelength interval.
By reducing the thickness of the sample, the continuum time duration obtained in
the experiment gets closer to the real value or what the intrinsic chirp is before the
sample, at the expense of the magnitude of the nonlinear signal which is proportionally
reduced. We tried using a 250 µm cover slide but the poor. extinction ratio of the
polarizer/analyzer pair does not allow for such small signals. Better polarizers usually
imply thicker pieces of glass that will introduce even more chirp when inserted in the
continuum path.
One other important issue is the width of the cross-correlation traces at different
wavelengths. This relates to the duration of the continuum in that spectral interval, given
the appropriate bandwidth is taken into account. We notice a decrease in cross-correlation
width (Figure 4-2) with increasing central wavelength. This can be partially understood
given the normal dispersion of optical components and solvents where the GVD is
appreciably larger in the shorter wavelength region. On the other hand, previous reports
[40, 41] show that the continuum retains a nearly transform-limited pulsewidth (the same
as the fundamental probe pulsewidth, 100 fs FWHM in our case) for any particular
spectral window. We have measured a noticeable lower chirp rate in the OKE experiment
when a fused silica window is used as the sample instead of hexane solvent in a glass
cuvette. Let's compare -the cross-correlation widths obtained in the above experiments
(see Figure 4-5).
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Figure 4-5. Cross-correlation widths obtained in the OKE experiment in different
samples: (a) hexane in glass cuvette (L=3.5 mm in total) and (b) fused silica (L=l.5 mm).

We notice a strong disagreement between the two experiments as far as the crosscorrelation widths are concerned although similar continua incident on the sample have
been used. We were puzzled by these results and looked in the literature at more recent
investigations. References 42-44 give an excellent theoretical and experimental insight
into the artifacts that appear due to cross phase modulation in transient absorption
spectroscopy of liquid samples. The authors performed simulations that allow for the
different group velocities of the pump and probe pulses and include the influence of the
first and second order dispersion on the continuum probe. We also observed a complex
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oscillatory feature around zero delay for each wavelength of the chirped continuum. This
behavior can be explained by the cross-phase modulation imposed on the probe pulse,
leading to spectral shifts (W-shape or dispersion type signals). The effect is more
pronounced as we go further from the pump wavelength (750 nm), i.e., in the shorter
probe wavelength region. The OKE traces are the basis in the process of extracting the
continuum chirp information. A frequency shift in the signal spectrum can greatly
influence the peak position and width of the cross-correlation traces at various
wavelengths and we think that this is the reason for the disagreement between the two
measurements. We concluded that thin samples must be used in order to minimize the
cross-phase modulation effect.
In our experiments, given the measured pulsewidth

at 750 nm and using

,rcc

=

,rwlc

2

+

"Ce

2

2

,re =115

fs of the pump pulse

· (based on the Equation 4-3), we can estimate

the time duration of the continuum -rwlc within each spectral window from the crosscorrelation widths

Z'cc

shown in Figure 4-5. These widths vary across the spectrum from

115 fs to 145 fs (closed circles) and give approximately

"Cwzc

in the 80 fs to 120 fs range.

Within the experimental errors mentioned above we can conclude that the WLC retains a
nearly transform limited pulsewidth across i~s spectrum, very close to the fundamental
probe duration of 100 fs.
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4.2. Group index dispersion measurements
In the previous Section, it was mentioned that the relative group velocity of pu1np
and probe pulses is important to be accounted for in transient spectroscopy
measurements. Since the wavelengths involved in our experiments are so different from
each other, we can no longer assume that the pump and probe pulses travel together
inside the sample. We can foresee that the initial time delay between these pulses as well
as the group index of the sample material at those particular wavelengths will dictate the
effective length of the sample over which the nonlinear interaction can take place.
In order to include in our analysis the different group velocities of pump and
probe pulses while propagating in the sample we should have in hand the full dispersion
curve of the index of refraction for the dyes and solvents used in our experiments. This
information is in general not available. It is very seldom that these material constants are
found in databases given the rapid growth of organic materials nowadays. There exist
precise methods for measuring the refractive index, i.e. ellipsometry; however, our main
interest focuses on group index (group velocity delay) and GVD since different parts of a
fs pulse travel at different velocities owing to the broad spectral content. The Michelson
interferometer in white light is one of the simplest and most powerful tools to measure
the dispersion of transmissive and reflective optics. Knox et al. [45] used it to measure
directly the group velocity by measuring the delay induced by a sample at selected
wavelengths (the wavelength selection was accomplished by filtering white light).
Naganuma et al. [46] used essentially the same method to measure group delays, and
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applied the technique to the measurement of "alpha parameters" (electric current
dependence of the index of refraction in semiconductors).
We propose to use the OKE measurement to determine the group velocity
dispersion in our samples. Since the WLC chirp is inferred from the cross-correlation
traces at various wavelengths, we can use the same technique to measure the chirp when
the sample, for future transient absorption measurements, is inserted in the WLC path.
This way we introduce delay and extra chirp in the continuum path and the difference
between the two measurements reveals the group index of the sample over that particular
wavelength range.
We first measured group index in semiconductor samples for which the dispersion
of the index of refraction is available from several databases. The first sample was ZnSe
with a thickness L=560±20 µm. This sample is grown by chemical vapor deposition and
consists of microscopic polycrystals and is therefore isotropic, and the following
dispersion formula applies in the 0.55-18 µm range [47]:
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2.8955633 · A- -------+-------+-------,
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I\,

m

µ

m

(4-5)

The OKE results are shown in Figure 4-6 below. The curve fits are used to infer the
group index dispersion of ZnSe in 550 nm-800 nm range. The time delays for curve (b)
relative to curve (a) correspond to the group index of the sample at each wavelength, after
-

the speed of light and sample thickness are factored out through a simple relationship:
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C

ng (A)= no+-· ("C(b)-"C(a)),
L

(4-6)

where ng -group index at A, no-arbitrary group index at 800 run (common chirp value
of curves (a) and (b)). The value of no is not important since we are interested in the
relative group index at pump and probe wavelengths.
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Figure 4-6. OKE measurements in THF: (a) intrinsic WLC chirp, (b) WLC chirp with
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ZnSe, L=5 60 µm. The·chirp fitting curves obey "C = a · (1 / 2) 2 +-b · (1 /A) d , where a =
2
6
-4.47x105 ps·nm2 , b = 503 ps·nm, d = 1.97 ps (open squares) and a= -2.48xl0 ps·nm , b
= 4889 ps-nm, d = -0.331 ps (open circles).
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The above parameters are used in Equation 4-6 to calculate the experimental
values of group index dispersion which are then compared to the group index derived
from Equation 4-5 (ng (A)= n(A)-A an(A) ).

a;i,

5.5
(b)
(a)
><

Q)

4.5

"O
C

a.
::s

0
,._

(.!:)

3.5

2.5

''

''
'

L--------~------------------'

450

550

650

750

850

Wavelength (nm)

Figure 4-7. Group index of ZnSe (L=560±20 µm): (a) theoretical values derived from
Sellmeier Equation 4-5 (solid) and (b) experimental values from OKE measurement and
Equation 4-6 (dashed).

We observe rather large disagreement in the short wavelength range and here are some of
the reasons: the Sellmeier equation is valid for wavelengths longer than 550 nm;
deviation from uniformity of the ZnSe sample thickness; experimental errors in the OKE
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measurement of group index, estimated to be as large as 0.11 due to walk-off between
pump and probe pulses. The latter was derived using a BPM (beam propagation method)
code to estimate the shift in the time delay corresponding to the peak of the crosscorrelation signal due to pump-probe temporal walk-off [42-44].
We can go even further to evaluate the GVD in ZnSe using the first derivative of
the group index, as prescribed by" Equation 4-7:

a2k
--=
dD.2

;t2

dng (A)

2nc2

d;t

(4-7)

The results are displayed below in Figure 4-8.
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. As mentioned above, the errors are huge near the absorption edge (- 450 nm in ZnSe) but
become reasonable for wavelengths longer than 550 nm. We will see in the next Chapter
how the GVD can be neglected in the transient absorption measurements. The group
index is mo st important for fitting the experimental results using a BPM· code that takes
into account pump-probe walk-off and becomes a fitting parameter. Even if the errors are
somehow large, the values for group index obtained in the OKE chirp measurements
provide an excellent starting point for an unknown organic sample.
A well characterized dielectric has also been measured, fused silica. The group
index measured by OKE is compared to the one prescribed by Sellmeier's equation [47].
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The same proced_u re as described for ZnSe was used to derive the group index of fused
silica, based on the chirp fitting curves. Refer to Figure 4-9 for a, b and d coefficients and
Figure 4-10 for comparison with the theoretical group index (from Sellmeier's equation).
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Similar measurements were performed in a ·zns sample, L=0.843 mm, but the results will
be shown in the next Chapter, where nonlinear absorption measurements are also
described.
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4.3. Conclusions
In this Chapter, we presented preliminary O KE measurements that are needed in
order to fully characterize the time evolution of the continuum probe pulse. Also, the
group index (or group velocity) of the sample under study has to be known at all probe
wavelengths relative to that for the pump wavelength, a priori to the transient absorption
measurements. Having this information we_can then include linear propagation effects
(temporal walk-off between pump and probe pulses inside the sample and GVD) that are
very important in our analysis, leading to a reduced effective interaction length. Based on
the above results, we can conclude that the OKE measurement is not a very precise
method for measuring absolute or relative group index dispersion of materials, especially
near the bandgap (absorption edge). However, it is still very useful for our purposes,
giving a good starting point for the fitting parameters, especially in the case of organic
dyes for which the information is not available in any databases at the present time. We
also have to keep in mind that both entrance window cell and solvent contribute to the
pump-probe walk-off and their effect is somehow cumbersome to be isolated from the
one due to a purely absorptive sample.
A possible future white-light interferometer could·provide the accuracy needed to
perform these kinds of measurements in various materials and save some time in
modeling the propagation of pump and probe pulses.
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5. ORGANIC MATERIALS FOR THIRD-ORDER NONLINEAR OPTICS

The development of materials with large optical nonlinearities is a key to
controlling the propagation of light beams by optical means. The control of light by light
requires that photons can strongly interact. This is only possible in media where the
optical properties of the materials, such as the refractive index, depend on the light
intensity. The availability of appropriate materials for this purpose could revolutionize
information technology again in a similar manner to the development of materials for
semiconductor electronics.
Optical materials with a sufficiently large intensity-dependent refractive index, or
two-photon absorption, have not yet been identified. This field is still at the stage of basic
research, where strong efforts are devoted to an understanding of the fundamental
relations between structure and optical nonlinearities. It is clear, however, that materials
w_ith a highly polarizable electron system are interesting candidates for achieving strong
· polarizations of the medium, which follow the electric field of the lightwave in a
nonlinear manner. Therefore, organic materials with a delocalized n-electron system have
found much interest and large nonlinearities of one-dimensional (1D) conjugated
polymers have been reported [48-51].
The optical properties .of conjugated systems are determined largely by the extent
of electron delocalization and electron correlation effects. Therefore, the corresponding
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conjugated oligomers have an important role in the study of the scaling of the linear and
nonlinear optical properties with the size of the system.
The emphasis of this Chapter is on third-order nonlinearities, because they can
lead to large two-photon absorption cross-sections, of special interest in confocal
microscopy and the study of biological systems. Second-order phenomena are the basis
for frequency doubling and electro-optical processes. However, they require other
features such as a combination of electron donors and acceptors in noncentrosymmetric
structures, which will not be treated here.

5 .1. Organics exhibiting 2PA
The quest for organic materials exhibiting high nonlinear optical (NLO)
absorptivities has increased dramatically over the past several years [52]. One nonlinear
absorption process, 2PA, is the subject of fast-growing interest in chemistry, photonics,
and biological imaging communities. Several current and emerging technologies exploit
the two-photon absorption phenomenon, including optical power limiting materials [53],
two-photon fluorescence imaging [54], two-photon photodynamic can~er therapy [55],
and two-photon microfabrication [56]. Why are two-photon absorbing materials so
intensely pursued? Let us consider a major feature that distinguishes single-photon
absorption from two-photon absorption: the rate of energy (light) absorption as a function
of incident irradiance. In single-photon absorption, the rate of light absorption is directly
proportional to the incident intensity, i.e., as the incident intensity is increased, the rate of
photon absorption increases linearly for the molecule in question. By contrast, in
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simultaneous two-photon absorption, the rate of energy absorption is proportional to the
square of the incident intensity. This quadratic, or nonlinear, dependence has substantial
implications. For example, in a medium containing one-photon absorbing chromophores,
significant absorption occurs all along the path of a focused beam of suitable wavelength
light. This can lead to, e.g., photodegradation or photo bleaching. In 2PA, negligible
absorption occurs except in the immediate vicinity of the focal point of a light beam of
appropriate energy. This allows spatial resolution along the beam axis as well as radially
and is the principal basis for two-photon fluorescence imaging.
We have measured two classes of organic materials, both being eonjugated
systems with alternating double and/or triple and single bonds.
First, fluorene compounds exhibit excellent fluorescence in the visible range
induced through one- or two-photon absorption processes and have potential useful
applications as was mentioned above. Our collaboration with Dr. Belfield (Chemistry
Dept., UCF) and his coworkers provided us with a family of chromopho'res in this
category, which underwent structural changes in order to enhance their_third-order
nonlinear properties. A systematic study can then be done to identify the molecular
fragments responsible for a large nonlinear polarization induced by the optical field.
Second, a different family of conjugated systems, polytriacetylene (PTA)
oligomers and derivatives, has been provided by a research group in Switzerland. The
large potential of oligomers, such as to vary their chain lengths systematically, can again
be used .to study third-order phenomena, especially to elucidate characteristic structureproperty relationships.
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5 .1.1. Fluorene compounds
Considerable effort is focused on designing compounds with large 2P A crosssections [57-59]. Conjugated systems already have the advantage of exhibiting large
electronic charge transfer that greatly enhances the nonlinearity. This can be further

,

increased by means of donor and acceptor groups, intra-chain (A-1t-D-1t-A, D-1t-A-1t-D)
and/or end-chain (D-n-D, A-n-D, A-n-A) substituted.
A series of eight alkyl fluorenes were synthesized [60] and nondegenerate 2PA

spectra measured using our nonlinear spectrometer. The molecular structures of the first
· group of four of these compounds are shown in Figure 5-1.
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figure 5-1. Molecular structures of dyes #1, #2, #3 and #6. The electron-acceptors are
nitro and benzothiazole, while amine and diphenylamine groups are electron-donors.
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A

The synthetic methodology facilitated a systematic variation of functional groups
of differing electronic character, while providing compounds with high photochemical
and thermal stabilities. For example, compounds #1 and #6 were designed to investigate
the effect of strength of the electron acceptor (withdrawing) group in a D-1t-A molecule,
while the electron donor functionality is varied somewhat in compounds #2 and #6.
Compound #3 is of the A-1t-A type with electron acceptor moieties of disparate electronic
character. Details on the synthesis method can be found in References 60-61.
The molecular structures of the second group of four compounds are shown in
Figure 5-2, with different functional groups.
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Figure 5-2. Molecular structures of dyes.#8, #9, #10 and #11. In compound #9, the
radical P(O)(OCH2CH3)2 has electron-withdrawing functionality.
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The excitation wavelength used in the nonlinear absorption experiments was 121 O
nm with about 13-15 µJ of energy, provided by the OPA-1 in Figure 3-1. From the UV
spectra of these molecules (Figures 5-3a and 5-4a), we can assume that 2PA at the pump
wavelength (degenerate) is not possible. From energy considerations, the visible part of
the continuum will be absorbed at the same time the infrared pulse is present in the
sample. These organic compounds were dissolved in tetrahydrofuran (THF) and stored in
1-mm path length cells. Figures 5-3b and 5-4 b plot the two-photon absorption cross-

sections for all molecules versus continuum wavelength. The largest cross-section value
we measured, of 1600 x 10-50 cm4 · s/photon at the peak of the spectrum for compound #6,
is similar in magnitude to the values reported in Reference 57. The 2PA cross sections are
calculated from nonlinear absorption data following the procedure explained in Appendix
B [62].

Comparing compounds #1 and #6, or #8 and #9, we observe a strong
enhancement of the 2PA cross section by reducing the strength of the electron acceptor
group. Conversely, comparison of compounds #2 and #6 reveals that increasing the
strength of the donor group enhances the 2PA cross section. Compound #6, with the
strongest donor and weakest acceptor, exhibits a considerably larger 2PA cross section
than any of the others in the first group of four dyes. It appears that a greater electron
density in the n-conjugated central fluoreny 1 group leads to a greater 2PA cross section.
Going from dye #6 to dye #8, we see again this trend of enhanced 2PA cross section with
reducing electron-withdrawing character in the functional group. A straightforward
comparison among the compounds in the second set o_f dyes is not easy to do since the

94

2

2000
#6
-#3
#2
#1

(a)
(1)

0

~

-e0

1

.s0s:::

..c:

(b)

1500

0..

----rn
'<:I'"

rn

e

1000

0

<

0

V)

0
....-4

500

~

0

(,0

300

400

0
450

500

550

Iv, nm

650

750

WLC "",nm
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end groups were not modified systematically. A logical next step is to study D-1t-D
molecules of this type. These are currently being synthesized for this piirpose.
For a direct comparison of one-photon and two-photon spectra, one may use the
total energy of the photons absorbed (pump and probe) in the process. Figure 5-5 shows
both linear and nonlinear spectra for sample #6. A red shift of the nonlinear spectrum is
observed (in all of the compounds) along with extra features. The linear absorption
feature at 300 nm (4.1 eV) seen in compounds #1 and #6 is due to absorption in the
diphenyl amine group. There is some hint of 2PA associated with this transition in
compound #6, but linear absorption of the WLC prevented observation of this in either
compound for the particular pump wavelength used. However, use of a shorter pump
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Figure 5-5. Comparison between linear and nonlinear absorption spectra of sample #6.
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wavelength should allow ~easurement of any possible 2PA transition to a state near 4.1
eV. Relatively good correlation between linear and nonlinear spectra is observed in all of
the samples . .This is to be expected for molecules having an extended n-conjugated
system and permanent dipole moment. For these systems, the parity can mix such that the
spectra of one- and two-photon allowed states overlap. Further overlap of the one- and
two-photon spectra arises from the near degeneracy of one- and two-photon allowed
states and the vibronic structure of the molecules [63].
Quantum mechanical calculations are currently being performed on these fluorene
structures. The analysis is not easy due to the solvent-sensitive excited -state whether
excited linearly or nonlinearly with femtosecond pulses [64]. Nonlinear absorption data
on these chromophores dissolved in hexane (less polar solvent t~an THF) is the subject of
present and future work and some of the experimental results will be shown in Chapter 6.
Finally, we have to point out the relatively narrow peak in the nonlinear spectra at
high photon energies (short probe wavelengths, near the absorption edge) that is present
in all spectra plotted in Figures 5-3b and 5-4b. We were puzzled by this feature and

conducted a more intensive study to understand the linear and nonlinear effects that come
into play as the probe wavelength .approaches the corresponding "band gap" of the
material. This analysis is presented in detail in Chapter 6. It turns out that there is no
narrow peak in that spectral region, what we have initially observed (presented in this
Chapter) is an artifact of the nondegenerate experiment.
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5.1.2. Polytriacetylene (PTA) oligomers
A series of polytriacetylene (PTA) derivatives were synthesized at ETH,
Switzerland. These compounds are one-dimensional conjugated systems with a common
backbone as shown in Figure 5-6. Intensive work was performed at ETH to assess the
guidelines for the optimization of the second-order hyperpolarizability, y
( P =a+ f3E + ,£ 2 + ... ). Measurements of this parameter include third-harmonic

generation (THG), Z-scan and degenerate four wave mixing (DFWM). All the samples
are prepared in chloroform (CHCh) solutions with concentrations around one weight
percent. Some of the above results are presented in Reference 65. The present work
shows results obtained with our nonlinear spectrometer on n~mdegenerate two-photon
absorption of these compounds. The two-photon absorption coefficient relates.to the
Im(%(3)) obtained in DFWM experiments.

Let us analyze the molecular structures of various PTA derivatives in Figure 5-6.
The reference material is PTA, n=22 (number of repeat units shown in brackets), polymer
that exhibits by far the best nonlinear properties out of the series. In order to analyze the
nonlinearity versus conjugation length (or number of monomer units) PTA oligomers
were synthesized in two forms: unsubstituted and substituted PTAs. Tl).e solubility groups
in the unsubstituted form, labeled TES (tri:-ethyl-silane) and TBDMSO = OTBDMS (tertbutyl-dimethyl-silane), are not expected to contribute to the nonlinearity. We measured
six compounds in this group with different values of n

= 2, 4, 6, 8, 12 and 16. The next

step was the substitution of donor and acceptor end groups, with varying numbers of
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repeat units, n. This results in D-1t-D (n = 1, 3, 4, 5, 6, 18), A-1t-A (n = 1, 2, 3, 4, 5, 6, 12)
and D-1t-A (n

= 2) type molecules.

PTAn=22

Unsubstituted PTAs

OIBDMS

AA-PTAs

DD-PTAs
OIBDMS

IBDMSO
TBDMSO

DA-PTA
OTBDMS

TBDMSO

Figure 5-6. Molecular structures of polymer, unsubstituted and substituted PTA
derivatives. DIA are donor/acceptor substitution groups and n is the number of repeat
units.
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The linear absorption spectra of these one-dimensional conjugated systems are
given in Figure 5-7. Here PTA, n = 22, is labeled n - poly. With increasing number of
monomer units, n, we observe a red shift of Amax until saturation is reached at n ~ 16 (8)
for unsubstituted (substituted) PTA's. It is believed that, for unsubstituted oligomers, the
nonlinearity increases according to a super-linear power law dependence on conjugation
length (exponent of2.5 for THG measurements). Beyond the saturation length,
elongation of the molecules will have no further positive impact on the nonlinearity.
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Linear and nonlinear properties seem to rely on the same critical conjugation length. The
case is different for substituted PTA's. The power law observed for unfunctionalized
PTA's is.no longer valid. The maximum in the nonlinearity per unit length occurs for
short PTA oligomers and any further elongation beyond this maximum has a detrimental
influence on the macroscopic nonlinearity.
The nondegenerate two-photon absorption spectra were measured in a similar
fashion to the fluorene compounds described in the previous Section. The excitation
wavelength was 1202 nm, and visible photons from the continuum probe are
simultaneously absorbed with the infrared photons in the sample. The two-photon
absorption cross-sections (in GM units) are normalized to the number of repeat units of.
each structure in order to compare various PTA derivatives.
We observe the saturation effect in red shifting of the peak of the nonlinear
spectrum in all derivatives with increasing number of monomers. There _is a blue shifting
trend of the spectra passed the critical value. For the substituted DD-PTAs, we even
obser~e a detrimental effect on the magnitude of the nonlinearity with :further increase of
the conjugation length. Similar to the fluorene compounds (Figure s 5-3b and 5-4b) we
see the sudden, sharp drop in spectra close to the absorption edge of each sample.
Although the chirp correction was performed on the raw 2PA data we still need to
understand this issue and redo the analysis for each spectrum as will be shown in the next
Chapter. ·w e believe that the real trend should be a continuous increase of the
·nonlinearity as we approach the linear absorption edg~. More insight could be gained
with use of a shorter pump wavelength in future work. Also, absolute values may be high.
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5.2. Organics exhibiting ESA
The third class of organic materials we were interested in are the polymethine and
squarylium dyes (a bit different from the previous materials) because of their great
potential for optical limiting. These dyes exhibit large excited-state-absorption-in-rhe-VI-S- ---- -and near IR range. They were synthesized in the Ukraine where extensive theoretical
studies have been conducted towards enhancing their molecular structure for this
practical application. Most of the experimental work and determination of nonlinear
optical properties were performed in CREOL, either by picosecond Z-scan measurements
or femtosecond white-light continuum tr~sient spectroscopy. The latter is presented in
this work.
These dyes offer the possibility of systematic modification of their structure using
different heterocyclic terminal groups, introducing specific substituents into the
polymethine chain, branching of the polymethine chromophore and cyclization of the
chain by conjugated or unconjugated bridges. Many correlations between the molecular
structure of PD 's and their linear optical parameters,· such as the position of absorption
and emission spectra, Stokes shift, fluorescence quantum yield, pro bab11ity of trans-cis
isomerization, and photochemical stability have already been established [66].
A detailed theoretical investigation of molecular polarizabilities and
hyperpolarizabilities as a function of molecular structure is given in Reference 67.
Correlations between molecular structure and nonlinear properties, such as photoinduced
-excited-state absorption, excited-state molecular dynamics and anisotropy of no~ear
response are much less investigated. To our knowledge, reliable quantum-chemical
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calculations for transitions from the first excited-state to higher levels, S 1 ~ Si, have yet
to be performed. Experimental investigations are therefore the most valuable tools for
both advancing theoretical understanding and for further development and optimization
of organic molecules for practical applications. Currently, References 68 and 69 provide
the most extensive experimental information about the transient absorption of PD's in a
wide spectral range 350 - 1000 nm.
The molecular structures of the dyes studied labeled as PD #2093, #2303, #2098,
and squarylium dye, SD #2243, are shown in Figure 5-9. These particular dyes were
chosen based on their photophysical and nonlinear optical properties, particularly their
reverse saturable absorption (RSA) properties that are favorable for passive optical
limiting.
PD #2093 (this dye is labeled "PD3" in [70]) exhibits strong RSA and is
photochemically stable. In Reference 70, the excited-state and ground state absorption
cross sections for this dye in ethanol at a wavelength of 532 nm were reported as 0'1i(532)

= 3 x 10-16 cm2 and cr01 (532) = 1.5 x 10-18 cm2 , respectively. Both of these numbers are
large, as is their ratio, which are requirements for efficient optical limiting [71].
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SD#2243

PD#2093

PD#2098

BF4

PD #2303

Figure 5-9. Molecular structures ofpolymethine and squarylium dyes.
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The experiments were performed in two host media: absolute ethanotand an. . ..
elastopolymer of polyurethane acrylate (PUA). The polymeric samples were prepared by
a previously reported radical photopolymerization procedure [70]. The room temperature
linear absorption spectra presented in Figure 5-10 were recorded with a Varian Cary 500
spectrophotometer.
The spectroscopic and nonlinear optical properties of PD's are determined
primarily by the existence of the delocalized 1t-electron systems in the polymethine
chromophore and symmetric terminal groups. Inclusion of a 6-link cycle with pheny1
substituent into the polymethine chromophore for PD #2093 and a 6-link cycle with a
more complicated acceptor substituent for PD # 2303 shifts their absorption maxima by
15 nm and 13 nm, respectively, to the red region compared with their unsubstituted
analogue. The linear absorption maximum is at 770 nm for PD #2093 and at 768 nm for
PD #2303 in ethanol solution. PD #2098 is characterized by a lengthenmg of the
polymethine chromophore due to the introduction of an additional metbine (CH=CH)
group. Therefore, its absorption maximum is red-shifted by 94 nm compared to PD
#2093. Its polymethine chromophore is also partly strengthened by the unconjugated
bridge. The linear absorption maximum for PD #2098 is placed at 864 nm in ethanol and
877 nm in PU A.
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Figure 5-10. (a) Linear absorption spectra of SD #2243 (1, l ') and PD #2093 (2, 2') in
ethanol (solid lines 1 and 2) and PUA (dashed lines I' and 2'); (b) Linear absorption
spectra of PD #2303 (3) and PD #2098 (4) in ethanol.

The main distinguishing features of SD #2243 are the existence of the central
"square" group C402 and the long CJI9 butyl tails connected to nitrogen atoms at the end
of the chromophore. In contrast to the PD's, squarylium dyes are neutral with the
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localization of the positive charge on the nitrogen atom and the negative charge on the
oxygen atom of the central group as followed from quantum-chemical calculations. Most
of the SD 's are characterized by large extinction coefficients and narrow absorption bands
associated with the So~ S1 transition. The long butyl tails improve the solubility of the
dye in both ethanol and PU A and prevent formation of aggregates even at large
concentrations of the dye up to (1.5-2)x 10-3 Mil. The linear absorption maximum for SD
#2243 is at 663 nm in ethanol and 672 nm in PUA.
Before this work, quantum mechanical calculations were performed on two of
these dyes, PD #2093 and SD #2243. We want to thank Dr. Y. L. Slominsky and Dr. A.
D. Kachkovski for performing the theoretical calculations. The optimized geometry of
the dye molecules as well as the electron transition energies and oscillator strengths _were
obtained using the HyperChem software package under the Austin Model I (AMI)
approximation. The excited state wave functions were represented as an expansion of 60
single excited configurations. In addition, the electron transition characteristics (energies
and electron density redistribution upon excitation) were calculated in the Parr-PariserPople (PPP) approximation with the same optimized geometry, as modified by Fabian
and Zahradnic for linear conjugated systems [72]. The known semi-empirical methods
AMI and PPP are mainly parameterized for calculation of the lowest electron transitions.
Nevertheless, as we shall show, there is a·comparatively good correlation between the
calculated and experimental energies for some higher transitions So

~

Si. In this work,

the standard AMI and PPP methods have been used, without any additional assumptions,
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for calculations of the .S1
subtractions: AE (S1

~

~ Si

Si)

transitions, so these energies are obtained by the

= AE (So ~ Si) - AE (So -t S 1).

Experimental work performed in CREOL includes picosecond Z-scan
measurements for determination of excited-state absorption cross-sections at 532 nm and
femtosecond transient absorption spectroscopy to observe the spectrum of the ESA. Most
of the picosecond results are summarized in Reference 70. At this wavelength (532 nm),
the linear absorption corresponds to an excitation into the short wavelength tail of the
main absorption bands for PD #2303, PD #2093 and SD #2243 and into the second
absorption band So~ S2 for PD #2098. A simplified level structure for these dyes is
presented in Figure 5-11.

s.

1

s.

1

cru

s2

S1

S1
c:;01

So

So

Figure 5-11. Simplified energy level structure of dyes.
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From linear transmittance measurements, ground-state absorption cross-sections at 532
nm in ethanol were determined as: 0'01 (SD #2243)
2
x 10-18 cm and cro2(PD #2098)

= 1n x 10-18 cm2; cr01 (PD #2303) = 2.3

= 1.5 x 10-17 cm2. All of these dyes show RSA which

indicates that 0'01 (532 nm) << crli(532 nm). Numerical fitting of the Z-scan data was
performed using a 3-level model So~ S1

~

Si (all singlet states), which adequately

explains the picosecond results [70]. From this fitting procedure, we find: crli (SD #2243)
16 cm2; O'li (PD #2303) = 4.3 x 10-16 cm2; cr1i (PD #2098) = 3.8 x 10-16 cm2.

= 2.5 x 10-

Thus, all these dyes are characterized by extremely large excited-state absorption in the
visible region. The ratios of 0'1i/O'o1on 532 nm for ethanol solution are approximately 150
for SD #2243, 190 for PD #2303, 25 for PD #2098 and 200 for PD #2093. The smallest
ratio obtained for PD #2098 is explained by the high linear (So
nm compared to the other dyes (So

~

~

S2) absorption at 532

S1).

Valuable information is also obtained from fluorescence excitation anisotropy
measurements. Steady-state fluorescence spectra (using low concentration - 10-6 Mil
liquid dye solutions to avoid reabsorption) as well as anisotropy excitation spectra were
obtained with a SLM 8000 Spectrofluorimeter for PD #2093 and PTI Quantamaster
Spectrofluorimeter for SD# 2243. In order to understand the nature of the So~ Si
transitions the anisotropy excitation spectra, R(A), was calculated as a function of the
excitation wavelength A at fixed emission wavelength after approp~te blank subtraction
(solvent contribution) on each component when needed. R(A) is defined as
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R(A)

=

I vv (A) - G(l)J vh (A)
I vv (A)+ 2G(J)J vh (A)'

where G(A) =

(5-1)

Ihv(A)

A and I vv (A), I hv (A), I vh (A), I hh (A) are the polarized

lhh ( )

fluorescence intensities at the excitation wavelength A. The first and second subscripts
refer to the orientation (v for vertical and h for horizontal) of the emission and excitation
polarizations, respectively [73]. The absorption spectra in the short wavelength region are
characterized by small intensity and strongly overlapped bands, which correspond to
transitions from the ground to the higher excited states. In order to distinguish between
different So

~

Si (i = 2, 3 ... ) transitions, we performed anisotropy excitation

measurements. In these measurements, the fluorescence intensity at 820 nm resolved into
components parallel to (111) and perpendicular to (h) the excitation polarization, was
measured as a function of excitation wavelength. By plotting the fluorescence anisotropy,
R, defined as R

= (1

11 -

I1-)/(I 11 + 211-), versus the excitation wavelength, we obtain the

anisotropy excitation spectrum. The steady-state anisotropy excitation spectrum for PD
#2093 in glycerol is presented in Figure. 5-12. The anisotropy values are high and
constant over the first excited state So~ S 1 and exhibit a significant drop over the second
band So ~ S 2, which is placed around 480 run for PD #2093 and 455 nm for SD #2243
(results for SD#2243 are not shown here, see Reference 74). This indicates that the
. absorption dipole moment of the second transition is oriented at a significant angle to that
of the first transition. The next increase in the anisotropy value up to .0.28 - 0.3 for both
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dyes reveals the position of the So ~ S3 transition (420 nm for SD #2243 and 430 nm for
PD #2093) and parallel orientation of the dipole moment to the So
next drop in anisotropy corresponds to the position of the So

~

~

S 1 transition. The

S4 transition (370 run for

SD #2243 and 380 nm for PD #2093) and parallel orientation of the dipole moment to
that of the So~ S2_transition. Using the same logic we can point to the position of the
next So ~ Ss transition (308 nm for SD #2243 and 320 nm for PD #2093) and the
orientation of its dipole moment (parallel to So ~ S1 and So

~

S3). For comparison, the

absorbance is plotted together with the anisotropy in Figure 5-12.
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Figure 5-12. Anisotropy (I) in glycerol and linear absorption spectrum (right axis y) for
PD# 2093 in ethanol (2). Fluorescence (A registration) was fixed at 820 nm.
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The next step of our investigation was to estim~te the position of the S 1 ~ Si (i =
2, 3 and higher) transitions from anisotropy measurements and quan~um-chemical
calculations and compare them with experimental results obtained from transient
subpicosecond spectroscopy. The positions of the S1~ Si transitions are estimated from
the difference between the So~ Si and So~ S1 transitions. This yields the following
conclusions concerning the identification of the levels and their relative positions in
energy:
For PD #2093: 770 nm (So
(S1

~

S4) and 550 nm (S1

~

~

S4) and 575 nm (S1

S1); 1270 nm (S1

~

S2); 950 nm (S1

~

S3); 750 nm

Ss).

For SD #2243: 663 nm (So
nm (S1

~

~

~ S 1);

1450 nm (S1

~ S2);

1150 nm (S1

~ S3);

840

Ss).

From these calculations it follows that the absorption in the visible region, which
is usually utilized in optical limiting experiments at 532 nm excitation, corresponds to the
S1 ~ Ss transition for both PD #2093 and SD #2243. The S1 ~ S2 transitions for both

dyes are in the near IR region (A > 1000 nm). It should be mentioned that no information
about the intensities of these transitions can be obtained from linear absorption
spectroscopy and anisotropy measurements. .
The nonlinear absorption ·measurements in the visible region are presented below,
Figure 5-13. The pump-probe delay is fixed to about 80 ps and the excitation wavelength
used for all four dyes was 672 run. Experimental values are expressed iri terms of the
differential probe transmission change,
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(5-2)

where TL and TNL are the linear and nonlinear transmittance, respectively.
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Figure 5-13. Visible ESA spectra ofpolymethine dyes PD #2093 (I), #2303 (2), #2098
(3) and squarylium dye SD #2243 (4).

It is interesting that these bands are characterized by a more complicated vibrational
structure compared to the structure of the main absorption bands. From decay kinetics
measurements (up to 100 ps) performed on different wavelengths within the visible ESA
spectra, we concluded that the whole band decays at approximat~ly the same rate and
114

therefore corresponds to a single transition. Excitation with different pump and probe
polarizations indicates that the dipole moment of this transition is oriented parallel to the
dipole responsible for the So ~ S1 transition. This observation was made for all dyes
studied.
Since the anisotropy measurements and quantum mechanical calculations
predicted additional ESA bands in the near IR region for dyes PD #2093 and SD #2243,
and the strength of these transitions was believed to be smaller than that for the visible
ESA, we carefully looked in this region using narrow bandwidth probe.experiments as
described in Chapter 3. For 700 nm - 1000 nm we could use 10 nm bandwidth
interference filters inserted in the WLC path. For 1160 nm- 1600, OPA-2 (probe) was
tuned in 20 nm wavelength increments. For these single-wavelength probe experiments,
large area photodiodes (Si and Ge) replaced the fiber input spectrometer to measure the
probe transmittance.
To our knowledge, this is the first prediction from quantum-chemical calculations
and experimental observation of these bands. For SD #2243, we found two IR ESA bands
(see Figure 5-14), the first of which has an absorption maximum around 870 nm with
FWHM = 1000 cm-1. This is very close to the 840 nm value predicted in section 3.2.1 for
the S1 ~ S4 transition for this dye. The maximum of the second additional ESA band
(FWHM = 500 cm-1) is observed at 1380 Iim, which is in good agreement with the

predicted position of 1450 nm for the S1 ~ S2 transition. Polarization decay
- measurements show that these transitions are oriented in the same direction as the dipole
involved in ESA in the visible region.
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Figure 5-14. Absorption cross section spectra for SD #2243 in ethanol: transitions So~
S1 (1), S1 ~ Ss (2), S1 ~ S4 (3) and S1 ~ S2 (4, increased in 10 times).
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Figure 5-15. Absorption cross section spectra for PD #2093 in ethanol: transitions So ~
S1 (1), S1 ~ S5 (2) and S1 ~ S2 (3, increased in 10 times).
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As shown in Figure -S-15, for PD #2093 we found an IR ESA band peaked around
1250nm, as predicted in section 3.2.1 for the S1 ~ S2 transition. Polarization decay
measurements show that this transition is also oriented-in the same direction as that for
the visible ESA. The S1~ S3 transition was not observed for either molecule in accord
with the quantum-chemical prediction that this transition should be forbidden by
symmetry rules.
Let us explain how the absolute cross section values are obtained from the
observed differential change in transmission spectra. In equation 5-2, the linear
transmittance,

TL ,

and nonlinear transmittance,

T NL ,

can be written as:

Tr (A)= exp{- a01 (A)NL },

(5-3)
TNL (A)= exp{- [a01 (A)N o + ali (..1)N1 - a10 (..1)N1 ]L}

where Lis the optical path length in the medium, N is the total molecular concentration
which equals the sum of concentrations of the molecules in the ground (No) and the first
excited state (N1) in the approximation that we can neglect the populations of any other
levels, and a 10 (A) is a stimulated emission cross section. Note that because absorption
and emission usually involve different states in the band,

a10 (A) is

not equal to cro1 (A)·

Hence - !)..TI T becomes:

-liT IT(A) = 1- exp{-[a01 (A)+ ali (A) - 0"10 (..1)]N1L}.
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(5- 4)

Let us make some approximations. For the determination of BSA spectra in the
visible region (far from the region of fluorescence emission) we can neglect a10 (A). For
analysis of BSA spectra in the near IR region (870 run, 1250 nm and 1380 nm) we can
neglect both 0-10 (A) and 0-01 (A). In order to obtain an absolute determination of ali (A)
in the visible region we used data from independent Z-scan measurements at 532 nm,
which yielded ali at 532 nm for all dyes. We then normalized ali(A) to the 532 nm
value as follows:

ali(A) =ao1 (A)- { [ao1 (532nm)- ali(532nm)]·

ln(AT / T)(l) }
.
.
ln(AT /T)(532nm)

(5-5)

It should be noted that all dyes are characterized by very large excited-state absorption
cross sections in the visible region, among the largest described in the literature [69-70].
The values of these cross sections at the maximum of each band are given in Table 5-1.
From Table 5-1 we can draw the following conclusions:
1.

The largest excited-state abso.rption cross section (7 x 10-16 cm2) is found for PD

#2098 with the longest polymethine chromophore. We do not have enough information to
find a direct relationship between a 15 and the length of this conjugated system. This
point requires further study. For this dye a 15 (532 nm) is only 1.3 times less than in the
peak of the linear absorption band.
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Table 5-1. Absorption cross sections at the maximum of So ~ S1 and S1 ~ S·1 transitions
'
and excited state cross sections at 532 nm.

Dye

Transition

PD#2093

So~ S1
S1 ~ Ss
S1 ~ Ss
S1 ~ S2
So~ S1
S1 ~ Ss
S1 ~ Ss
So~ S1
S1 ~ Ss
S1 ~ Ss
So~ S1
S1 ~ Ss
S1 ~ Ss
S1 ~ S4
S1 ~ S2

PD #2303

PD #2098

SD #2243

2.

Wavelength,
nm
770
532
555
1250
768
532
557
864
532
553
663
532
556
870
1380

cr x 1016,. cm2
11
3.0
4.5
0.17
11
4.3
5.0
8.8
3.8
7
15
2.5
4.9
0.9
0.3

0"15 (555 nm) for PD #2093 and a 15 (557 nm) for PD #2303 are about 2 times

less than the peak value for the main linear absorption band. The physical limit of the
molecular absorption cross section probably corresponds to the value of 0-01 at the
maximum of the band. As is well-known (see for example Reference 66) So ~ S1
electronic transition is connected with the transit of the 1t-electron density from the
carbon atoms in the odd position of the polymethine chain to the atoms in the even
position. Due to their closeness, the overlap of their electron wave functions is the
largest, leading to the largest intensity for the So ~ S 1transition compared to other So ~
Si and S1 ~ Si transitions. Thus, this potential limit for the strength of the S1 ~ Si
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transitions for the dyes studied here has not been reached. Future experimental work
should be directed at additional improvement of the molecular structure to provide a
twofold increase in the excited state absorption in the visible region. Additional excited
state absorption in the IR region (1250 nm) for PD #2093 is about 30 times less than for
the BSA in the visible.
3.

a15 (556nm) for SD #2243 is about 3 times less than at the pealcofthe main

absorption band. It should be mentioned that this dye is characterized by the largest o-01
value. Additional excited state absorption maxima in the IR region are about 5 times less
for 870 nm and 17 times less for 1380 nm as compared to BSA in the visible.
ESA measurements performed for these dyes in the PU A matrix .show essentially
the same features found for the dyes in ethanol solutions. The only difference is the much
slower rate of ESA decay kinetics. The results of decay kinetics measurements are the
subject of our ongoing investigations.
From quantum mechanical calculations, the nature of transitions So """7 Si and S1
"""7

Si is determined and a detailed description can be found in Reference 74. We present

in this work the schematics of these transitions inferred from theoretical calculations

(Figures 5-16 and 5-17). Table 5-2 summarizes the quantitative results obtained from
theory, anisotropy excitation measurements and femtosecond transient absorption
experiments.
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Table• 5-2.
Calculated and experimental characteristics of So~ Si and s1~ S·l electron
•
transitions.

Transition

AMl
Oscillator PPP
Experiment
method
strength
Amax, nm
method
'Amax, nm
Amax, nm
SD #2243 So~ S1
651
1.7
663*
648
430
0.0
455·
436
So~ S2
375
420*
0.0
384
So~ S3
364
370*
0.07
354
So~ S4
308.
348
0.06
350
So~ Ss
1272
1450"' (1380**)
1336
S1 ~ S2
1150·
888
940
S1 ~ S3
.840* (870"'~')
828
783
S1 ~ S4
575· (556"'*)
748
760
S1 ~ Ss
no·
PD#2093 So~ S1
653
1.819
753
4_80*
484
386
0.007
So~ S2
430*
0.144
413
315
So~ S3
·3·80·
407
297
0.107
So~ S4
320"'
332
0.002
263
So~ Ss
1270"' (1250"'"')
1356
942
S1 ~ S2
970*
914
608
S1 ~ S3
750*
884
544
S1 ~ S4
550· (555""')
594
440
S1 ~ Ss
*
**
from absorptmn and anisotropy excitation measurements; from subp1cosecond
transient absorption measurements.
·
Dye

In conclusion, nonlinear absorption pump-probe spectroscopy using a
subpicosecond white-light continuum as a probe in combination with steady-state
anisotropy excitation measurements and quantum-chemical modeling gives fundamental
information about the nature of excited-state transitions and their relationships with
molecular structure. For the first time in these types of molecules, we predicted and found
additional ESA spectra in the near IR region.
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Analyzing the results of quantum-chemical calculations and experimental data we
reach the following conclusions:
The large oscillator strength ESA spectra in the visible region (500 nm - 600 nm)

1.

for all dyes, PD #2093, PD #2303, PD #2098 and SD #2243, are connected with S1 ~ S5
transitions.
For PD #2093 the visible ESA transition is primarily connected with charge

2.

transfer between the molecular fragments, from the phenyl substituent and three central
carbon atoms of the polymethine chain to the rest of the polymethine chromophore and
terminal groups.
For SD #2243 this transition is connected with charge transfer from the terminal

3.

groups to the polymethine chromophore. It is probable that for such high transitions as S1
~

Ss, there is a mixture of transitions of different nature and therefore these transitions

may be allowed. Experimental measurements show ·that all dipole moments of S1
S1

~

S4 and S1

~

~

S2,

S5 transitions are parallel to each other and are oriented parallel to the

dipole involved in the S0 ~ S1 transition.
The ESA spectrum in the region of 1250 nm for PD #2093 is connected with the

4.

S1

~

S2 transition, which is allowed and connected with charge transfer from the phenyl

substituent to the polymethine chromophore. The dipole moments of the S1 ~ Ss and S1
~ S2 transitions are oriented parallel to that for the So~ S1 transition. The transition S1 ~

S3 (PET) is not allowed and indeed was not observed in our experiments.
5.

The ESA spectrum in the region of 1380 nm for SD #2243 is connected with the

S1 ~ S2 transition. This transition is allowed and connected with electron transfer from
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the polymethine chromophore (also slightly involving the terminal groups) to two central
carbon atoms in the "square" cycle. The S1 ~ S3 transition is not allowed and was not
observed experimentally.
6.
~

The ESA spectrum in the region of 870 nm for SD #2243 is connected with the S1
S4 transition which is allowed, primarily involving the polymethine chromophore and

only slightly the terminal groups.
7.

The existence of ESA inside of the linear absorption contour of PD #2093 (7 50

nm - 800 nm) is probably connected with the S1

~

S4 transition. This allowed transition

involves charge transfer from the phenyl substituent and two central carbon atoms of the
polymethine chain to the rest of the polymethine chromophore and terminal groups.
We expect that the results of this work will stimulate the development of new
methodologies of quantum-chemical calculations as well as the synthesis of new dyes
with improved properties for nonlinear optical applications.
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6. ANALYSIS OF NONDEGENERATE TWO-PHOTON ABSORPTION PROCESS

This Chapter presents a more complete theoretical analysis of nondegenerate twophoton absorption to include specific problems imposed by the nondegeherate character
of our nonlinear spectrometer. The problems arise, as it was mentioned earlier in this
work, from the effective interaction length (either longer or shorter) in the sample as seen
by the pump and probe pulses traveling with different group velocities due to the normal
dispersion in any material Not only the time of arrival of the different spectral
components in the continuum probe pulse relative to the pump ·pulse plays an important
role in the analysis of the 2PA spectrum, but the dispersion of the group index of the
sample at these various wavelengths will dramatically change the shape and magnitude of
the nonlinear spectrum. In Chapter 4, we presented experimental methods for chirp
characterization along with group index measurements. We will now look at the linear
and nonlinear effects involved in the pump-probe experiment to correctly interpret the
experimental (raw) data.

6.1. Pump-probe interaction in Kerr media .
In order to describe the evolution of the weak probe pulse in a nonlinear sample in
the presence of the intense pump we use the wave equation derived from Maxwell's
equations (for derivation see [75]). A general analysis requires consideration of both the
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probe and pump coupled by the nonlinearity. However, because the probe is assumed to
be much weaker than the pump, its effect on the pump wave as well as its nonlinear selfphase modulation can be neglected. Additionally, if the pump frequency is selected below
half the band-gap of the sample, the pump pulse will not be affected by two-photon
absorption, and the so-called undepleted pump approximation can be used. The spatialtemporal evolution of the probe wave is given by the equation:

2
1
1
E
~J
· 12 E=O,
z -+aE+---D--+2
1 IEP
dz
V dt
2
dt 2

·(dE

dEJ

d

(6-1)

where subscript prefers to the pump wave while the symbols without subscript stand for
the probe wave.
Let us identify the linear interaction terms in Equation 6-1: a is the linear absorption
coefficient, v-group velocity given by

J:_ = dk =_!_(n-A dn
V
dOJ C
dA

J,

(6-2)

and D-dispersion coefficient (linearly proportional to the GVD) expressed below:

(6-3)
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The nonlinear interaction between the two waves is represented by the cross-phase
2

modulation term 2~E p 1 E with the pump field Ep(t) being constant along the spatial
coordinate z and

(6-4)

In order to understand the effect of each physical parameter most clearly, we introduce
dimensionless evolutional variables. The normalized time T = t I w P is scaled with the
temporal width of the pump pulse w P and the normalized propagation distance Z = z I L
is scaled with the total sample length L, i.e. 0::; Z::; 1. To further simplify our analysis
we chose the coordinate system (Z, i-) that moves with the group velocity of the pump
wave v P, i.e.

i-

=T

Z

. As a result, Equation 6-1 takes the form:

VpWp

2

·(aa
aa) -µ-a a2 +.,tJ ap 12 a=O,
-+aa+paz
ai- ai-

(6-5)

a(Z, i-) = E(z, t),

(6-6)

a=aL,

(6-7)

z

1

where
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L

[

·

dn

p =- - - n-np +ApWpC

dA Ap

dn
-A-

dA A

],

(6-8)

and

(6-9)

are normalized linear absorption, temporal walk-off, and dispersion parameters,
respectively. The dimensionless nonlinear coefficient can be written as

L n 10pn I +1'L - n 10/3
p ,
,%=7]+l·r = 4re-2
A np
np

where l

2is the peak irradiance (in W/m

2
)

of the pump wave,

(6-10)

ni is the nondegenerate

nonlinear refraction coefficient (in m2/W) and f3 is the nondegenerate two-photon
absorption coefficient (in m/W). In the framework of the undepleted primp
approximation, we have a P (Z, -r) =a P (-r). If we assume Gaussian time profiles for the
pump

(6-11)
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and for the probe waves, the boundary condition for Equation 6-5 can be written as

(6-12)

where A=

~ and W =~ are the ratios of the initial probe and pump amplitudes

V1i

Wp

and widths, respectively, and ~d is the initial pump-probe delay time.
Equation 6-5 with the boundary condition (6-12) can be solved numerically using
the split-step Fourier transform method (see Reference 76). As an example, in Figure 6-1
we plot the evolution of the probe pulses corresponding to three ~ifferent wavelengths,
(a) A= 0.6 µm, (b) 'A= 0.8 µm and (c) A= 1 µm, in a 1-mm long ZnSe sample. Linear
and nonlinear parameters for ZnSe were taken from References 47, 77-79. The
parameters of the simulations from Equations 6-5 and 6-12 are as follows: A =0.l, W =1
and ~d =2. The pump pulse is assumed to be Gaussian with a peak irradiance 1g =2.5
GW/cm2, w P =120 fs, and 2p =l.2 µm. The strength of the nonlinear interaction is
% = 1.85 + i0.875 (n2 = 35 10-13 cm2/GW, ~ = 3.5 cm/GW). It can be seen from the plots

that depending on their wavelengths the three probe pulses evolve in different ways.
Because the nonlinear coefficient % is kept equal for all three cases and both the linear
· absorption a and dispersion µ coefficients are small, the essential parameter that
governs the probe evolution is the walk-off p.
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(a)

(b)

(c)

Figure 6-1. Spatial-temporal evolution of the irradiance of the initial probe pulse in a
· L=lmm long ZnSe sample for three different wavelengths: (a) /1.=0.6 µm, a=0.14,
p=14.9, µ=0.08; (b) '.A.==().8 µm, a=0.05, p=4.9, µ=0.04; (c) A.=1.0 µm, a=0.025, p=l.6,
µ=0.02.
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This is responsible for the relative speed of the probe and pump envelopes and
consequently for the temporal overlap between them which, in turn, determines the
strength of the nonlinear absorption. The closer the probe and pump wavelengths are to
each other, the slower the probe pulse moves with respect to the pump; i.e. in the
'transverse' direction in Figure 6-1. This axis is the relative time delay of the pump-probe
pulses. At the exit face of the sample the beams have walked-off from each other
according to the walk-off value, p. However, this speed affects the absorption of the
probe in a nonmonotonic way. For a particular initial time delay

~d,

too fast (Figure 6-

la) and too slow (Figure 6-lc) pulses are weakly absorbed. The probe pulse
corresponding to the intermediate walk-off (Figure 6-lb) is most strongly absorbed. We
will discuss this dependence in more detail below.
Although the split-step Fourier transform method is relatively fast, numerical
study of the impact of any parameter such as the pump-probe delay time and widths ratio,
walk-off, or pump irradiance on nonlinear absorption becomes extremely time
consuming. For this kind of study, an analytical solution to Equation 6-5 would
considerably expedite the quantitative analysis of the problem. To find a general
analytical solution of Equation 6-5 with boundary condition 6-12 is a difficult task, but
the problem simplifies considerably in the limit of vanishing dispersion. Fortunately, for
our purposes this is exactly the case, because the pump-probe measurements are typically
performed in thin samples. To give a quantitative estimate we plot in Figure 6-2 the
-refractive index n, the walk-off parameter p, and the dispersion parameterµ as a function
of wavelength 2 for 1-mm long ZnSe sample.
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We clearly see that over the probe spectrum of interest, 0.6 µm ~ A ~1.2 µm (e.g., Ap=l.2
µm), the walk-off parameter varies in a wide range 0 ~ p ~ 20 (Figure 6-2b), while the
dispersion parameter remains smallµ< 0.12 (Figure 6-2c). Thus, for the approximate
analysis we can neglect dispersion and rewrite Equation 6-5 as:

da

aa

az + p a-r = f (-r)a'

(6-13)

2

where f (-r) = -o-+i~a P (-r)j .
Equation 6-13 can be easily solved by substitution u = ln a with a subsequent
transformation of evolutional variables

q = Z _!_, (
p

= 1r. Then equation 6-13 rewrites as

du= f(() u(q,() and its solution is u(~,o =uo(~)xexp(_!_ f f(()d(), where uo(;)

a(

P

P

is an arbitrary function determined by the boundary conditions. Returning to the initial
variables we obtain a general solution to Equation 6-13:

(6-14)

where h again is an arbitrary function.
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This solution is valid for any pump and probe temporal profile. For a Gaussian pump (611) and probe (6-12) pulses the solution (6-14) will take the form:

2

z~

a(Z, -r) = A exp - 1 (-r+-rdW -pZ ) -oZ +i2p [e,f (i-)-eif (i-- pZ)]
[ 2

where erf x

,n

p~,

1·

2

X

'\jlt

0

= '- Jexp(-y 2 )dy

(6-15)

is the error function. In the limit of vanishing walk-off

erf-r-erf (-r-x)

2exp(--r 2 )

X

,5

1Il1 - - - - - - = - - - -

x~O

}

and the solution (6-15) transforms into the

well-known stationary formula for nonlinear absorption (see Appendix B).
In order to check the validity of the dispersionless approximation we compare the
results of numerical integration of Equation 6-5 with predictions of the analytical formula
6-15. Figures 6-3 show that the analytical results are in excellent agreement with the
numerics in these approximations.
From this analytical formula it is straight forward to obtain an expression for the
2

transmittance of the fluence F(Z) = Jla(Z,-r)l d-r defined as the ratio of the output and
-00

input fluence Q = F (1) / F (0) (Z = 1 or z = L corresponds to the output of the sample).
Using 6-15 and 6-12 we obtain the final analytical result for the fluence transmittance:
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_ exp(-2a)
Q(a,i-d,W,p,I')r=

w-vn-

2

00

r-5

}

- p)
f exp - (i-+zd
_.....;.;,____;___ --[e,f(i-)-e,f(i--p)] dz
-oo
w
p
{ .
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Three different scenarios of the transmittance evolution calculated from (6-16)
and from the numerical solution of Equation 6-5 are shown in Figure 6-4.
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Figure 6-4. Transmittance of the probe fluence as a function of normalized length for
ZnSe. The material parameters are the same ones used in Figure 6-1. Solid curves formula (6-16), dashed curves-numerical integration of Equation 6-5.

Again, the comparison shows good accuracy of the analytical results. It is worth
mentioning that only the imaginary part

r of the nonlinear susceptibility X = 1J + ir

enters Equation 6-16. It is equivalent to saying that the initial pulse chirp of the probe
would have no effect on the nonlinear transmittance Q. This is because phase effects
(nonlinear phase shift, pulse chirp, etc.) manifest themselves only in dispersive media.
This feature is important for measurements because it helps to exclude effects of the
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nonlinear refraction and pulse chirping to precisely measure two-photon absorption. We
have found numerically that a quantitative estimate for the applicability of the
dispersionless approximation isµ< µer::=:: 1.5 that works in many materials if the sample
length does not exceed several millimeters and the pulsewidth is in the 100 fs range.
We can use the analytical form 6-16 to quantitatively study the effect of the delay
time, the probe-pump width ratio, the walk-off parameter and the strength of the
nonlinear absorption on the output transmittance. The dependence on bo_th delay time
(Figure 6-Sa) and the walk-off parameter (Figure 6-5c) is nonmonotonic , i.e. there are
some particular values for -rd and p that correspond to the minimum transmittance. On
the contrary, the dependence on the probe-pump width ratio and on the strength of the
nonlinearity is monotonic. In other words, the broader the pulse (Figure 6-Sb) or the
weaker the norilinear absorption coefficient (Figure 6-5d), the more transmitted probe
fluence is observed at the output of the sample.
In ~onclusion, the two-photon absorption coefficient of the material can be
accurately measured as a function of the wavelength if i) the linear properties of the
material (dispersion relation and linear absorption) are known and ii) the shape of the
probe pulse is accurately characterized (probe pulse width at each wavelength) together
· with the delay time with respect to the pump pulse. Then formula fr-16 can be used to fit
experimental data to determine the two-photon absorption coefficient provided that the
sample is thin enough for the dispersionless limit to hold true.
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Experiments with the white-light continuum as the pro be source can then be
performed in two stages. First,.the continuum is characterized from experiments
involving instantaneous nonlinear processes with a well-studied material (OKE, 2PA or
SHG), also revealing the linear properties of the unknown sample. Once the parameters
.of the continuum and the sample are known, measurements of nonlinear transient
absorption in the sample under investigation will lead to the nondegenerate two-photon
absorption coefficient as a function of pump and probe wavelengths.

6.2. Two-photon absorption in ZnS
We start doing the analysis described above on a semiconductor sample, ZnS
(Eg=3.54 e V), because this material has been well characterized in the past and data on
the two-photon absorption coefficient can be found in the literature. A theoretical model
for the valence and conduction bands has also been developed and its predictions agree
well with experimental data, for both semiconductors and dielectrics [80-82].
The ZnS sample was provided by Eagle Picher and has unknowri orientation. This
sample is not a single crystal ZnS (birefringent, hexagonal crystalline structure, ~-ZnS)
nor polycrystalline or cubic (a-ZnS), isotropic material. The initial process of growing
single crystals failed thus resulting in a poly-type crystal, having domains where single
(birefringent) crystals exist as large as 3-5 ·mm in dimension with randoin orientations
from one domain to another. The crystalline structure within one domain is not
. homogeneous. Alternating layers of hexagonal and cubic make the determination of the
crystallographic axes (X-ray diffraction) almost impos-sible. In Reference 47 we find the
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Sellmeier's equation for both types of ZnS, a and~- Fortunately, we observe that the
birefringence is very small and any of these dispersion formulas could be used. We chose
the ordinary index of refraction with the dispersion prescribed by Equation 6-17 in the
0.36-1.4 µm region (difference in index of - 3 10-3, almost negligible for derivatives):

12

2

n0 (A) = 4.4175 + 1.7396

12 -0.2677 2

.

, Am µm.

(6-17)

We can now derive the walk-off, p, and dispersion parameter,µ, that enter in the
calculations of 2PA for this sample (defmed in (6-8) and (6-9)). We use the excitation
pulse at 750 nm ( h v

= 1.655 eV) and pulse width w P = 60 fs (HWl/eM). The length of

the ZnS sample is L = 0.84 mm (0.033 inches). The normalized walk-off and dispersion
parameters are plot in Figure 6-6.
We can foresee that the large values for the walk-off parameter in the short
wavelength range will make a difference when the raw 2PA data is analyzed taking this
parameter into account or not. The dispersion parameter is well below the critical value
(- 1.5) found in the previous Section and will be ignored from now on. The linear

absorption of the sample is also ignored from 440nm to 750 nm. If the excitation
wavelength is 750 nm and the bandgap of ZnS is Eg = 3.54 eV, the visible photons in the
continuum pro be that are absorbed simultaneously with the pump photons should have 'A
· ~ 656 nm.
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Figure 6-6. Walk-off parameter (a) and dispersion parameter (b) as a function of probe
wavelength A for ZnS. Parameters used: L = 0.84 mm, Ap = 0.75 µm, wp = 60 fs.

The experiments performed on this sample include transient absorption
measurements using the WLC pro be either by recording its spectrum (to obtain the entire
nondegenerate 2PA spectrum) or by filtermg out a narrow bandwidth (- 10 nm) signal at
various center wavelengths. The latter provides better SIN ratios. The raw data
(differential change in transmission) is shown below for an estimated pump irradiance
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2

(inside the sample) oflo = 7.3 GW/cm when the WLC spectrum was recorded (after
2

chirp correction) and Io= 8.9 GW/cm in narrow bandwidth probe experiments.
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Figure 6-7. Differential change in transmittance of the WLC pulse vs. probe wavelength.
The solid line is the chirp-corrected envelope of WLC spectra vs. time delay. The solid
circles represent the magnitude of the nonlinear signal at selected narrow bandwidth
pro be pulses.

The analytical solution (Equation 6-16) presented in Section 6.1 is valid for one
probe wavelength. In order to fit the experimental data from the WLC spectrum we have
to look at the cross-correlation signal, i.e. the nonlinear absorption vs. pump-probe delay
time at one particular wavelength in the continuum spectrum. The fitting parameter is the
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nonlinearity

r

that -relates to the 2PA coefficient through Equation 6-16. We pick only a

few discrete wavelengths in the spectrum such that the main features c~ be inferred
(peaks, valleys). The selection of narrow band filters in the visible region was limited to
seven center wavelengths, as shown in Table 6-1.
The best fitting parameter r (for solid circles data in Figure 6-7) is listed in the
table along with the walk-off values at these particular wavelengths and the same
experimental parameters as for Figure 6-6 (Ap = 0.75 µm,

wp

= 60 fs).

Table 6-1 . Material (p) and nonlinearity (r) fitting parameters for narrow bandwidth
probe experiments in ZnS centered at wavelength A.

A,nm
p

r

430
27.0
43

480
16.4
4.5

500
13.5
3.6

532_
9.9
1.92

570
6.9
0.85

580
6.2
0.56

600
5.1
0.18

620
4.1
0.08

For illustration of the fitting procedure, we present the experimental data (narrow
bandwidth probe) and the best fitting curve for three central wavelengths, 480 nm, 532
nm and 600 nm. Here the y-axis represents Q = TNLITi. (see Equation 6-16). Similar to
this analysis, we also fit the cross-correlations at several different wavelengths measured
with the broadband WLC (solid line in Figure 6-7). If the pump-probe temporal walk-off
is not taken into account, the 2PA coefficient can be calculated from the differential
change in transmission as explained in Appendix B (analytical solution that ignores
· pump-probe temporal walk-off, it is similar to that for degenerate wavelengths).
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parameters given in Table 6-1.

All the results on the 2PA coefficient p, in cm/GW, for ZnS are shown for
comparison in Figure 6-9. The solid line (a) is the simplest calculation (see Appendix B),
equivalent to the analytical solution in the degenerate case, which completely ignores the
walk-off between pump and probe pulses.
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If the complete treatment (result ofEquation 6-16)is applied to the spectral and narrow
bandwidth experimental data (Figure 6-7), we obtain the filled circles (b) and squares (c)
data points. Finally, the theoretical predictions for Pin ZnS are marked with empty
triangles (d).
We can draw the following conclusions by looking at the results presented in
Figure 6-9:
1.

The approach of calculating the nondegenerate 2PA coefficient using the same
theory as in the degenerate case (a), i.e., zero pump-probe walk-off, gives
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erroneous results; not only is the magnitude of the nonlinearity underestimated,
but the shape of its spectrum is greatly distorted in the short wavelength range.
2.

If expression (6-16) for the normalized probe fluence transmittance is used that

takes into account the walk-off parameter (relative group velocity of the different
wavelength pump and probe pulses traveling inside the sample), the correct
nonlinearity can be inferred from fitting the experimental data. The correction is
appreciable in the short wavelength range where, due to temporal walk-off, the
effective interaction length is reduced. So is the change in transmittance as
compared to the degenerate, zero walk-off, result.
3.

The theoretical predictions for the two-photon absorption coefficient values are
close to our corrected experimental results, i.e. within the experimental errors
estimat~d to be as high as -20% (relative error of spectral and narrow bandwidth
measurements, within the same measurement the error is only -5%).

The good agreement between experimental and theoretical data for a well characterized
sample, ZnS, gives us confidence that the detailed analysis of the pump-probe nonlinear
interaction inside the sample can be applied successfully to the organic dyes that are the
main interest of this work. This is in fact the best test performed on our system, to prove
that results obtained with the nonlinear spectrometer are indeed reliable.
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6.3. Two-photon absorption in fluorene compounds
We are in particular interested in the fluorene compound, (7-benzothiazol-2-yl9,9-didecyl-fluorene-2-yl)-diphenylamine (labeled #6 in the previous Chapter) due to its
large two-photon absorption cross-section. Its linear and nonlinear properties are
expected to be solvent dependent. We want to analyze these properties when the dye is
dissolved in hexane and tetrahydrofuran (THF), the polarity increasing from the first
solvent to the second. A study of molecular environment effects on two-photon absorbing
heterocyclic chromophores has been presented in Reference 64.
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Figure 6-10. Red shifting of the linear UV spectra of dye #6 solution with solvents of
increasing polarity, hexane and THF.

The linear absorption peaks as well as the upconverted photoluminescence spectra suffer
a red shift in going from hexane to THF (see Figure 6-10). The shift is more pronounced
in the photoluminescence case (- 50 nm).
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This dye, in either solvent, exhibits strong fluorescence in the visible region. One
method that has been used in characterization of two-photon absorption properties of
organic dyes is two-photon induced fluorescence [83]. The two-photon excited
photoluminescence spectrum remains similar to the linear photoluminescence. The
principle of the method is as follows: the amount of fluorescence emitted upon excitation
with two degenerate photons is proportional to the number of excited states created, thus
with the strength of the two photon absorption process. The absolute calibration is
difficult but has been done for a few dyes that are now used as reference samples in
calibration of the magnitude of the 2PA cross-section spectra of unknown samples
(rhodamine.B, fluoroscein, etc. [83]). We can perform these degenerate measurements
(two-photon induced fluorescence, 2PF) to help out in understanding the structureproperty relations for the fluorene compounds.
Using our nonlinear spectrometer, we measure the nondegenerate two-photon
absorption spectrum (2PA). From the UV spectra of the dyes, we can assume that an
excitation wavelength of 1200 nm is suitable for this experiment. Mostly visible photons
from the WLC spectrum will be simultaneously absorbed with the pump photons. For a
better SIN ratio, we perform the narrow bandwidth probe experiments, as described in the
previous Section for the ZnS sample.
We start out with our fluorene compound dissolved in THF. In previous WLC
characterization measurements (OKE in fused silica and THF) we have determined the
group index dispersion of the solution placed in a glass, 1-mm pathlength cuvette
(method described in Chapter 4). Within the experimental errors (10 to 20%) coming
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from the fact that it is difficult to separate the solvent dispersion from the glass window
dispersion with great accuracy, we have good starting values for the walk-off parameter
that enters the analysis of 2PA in this sample.
As described above for the ZnS sample, we perform nondegenerate 2PA
measurements using the WLC in two scenarios: recording the spectrum of the continuum
probe as a function of pump-probe delay time and narrow bandwidth probe transmission
experiments using available interference filters at various center wavelengths in the
visible and near infrared region.
The results are presented in Figure 6-11. The solid line (a) represents the spectral
measurement when no pump-probe walk-off effect is included. The 2PA coefficient is
obtained from the analytical formula for fluence transmittance (see Appendix B, Equation
B-9). The solid ci!cle (b) and square (c) data points are obtained using formula (6-16) that
ta.lees into account walk-off effects. The difference in spectral and narrow bandwidth
probe results is mainly due to thermal effects observed in the sample in the presence of
the high power pump beam at the lKHz repetition rate. We think that the second setup
(c), using large area Si detectors, compared to the spectral measurement (a and b) where
100-µm fiber core is used for detection, is less prone to errors due to nonlinear refraction
effects (thermal lensing induced in the sample). We observed as large as 20% change in
transmission between off/on pump scenarios, even at negative pump-probe time delays.
The thermal effect could also reduce the pump pea.le irradiance experienced by the probe
beam in both experiments. We do not have an estimate for the thermal effect at this point.
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Figure 6-11. Nondegenerate two-photon absorption coefficient of compound #6 in THF
vs. continuum probe wavelength: (a) spectral measurement, pump-probe walk-off not
included; (b) spectral measurement with walk-off correction; (c) narrow bandwidth pro be
measurement with walk-off correction. Parameters used for fitting: L =Imm, wp = 60 fs,
W = 1.05, 2p = 1.2 µm, cr = 0, µ = 0, J ~ = 72.5 GW/cm
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•

We already introduced in Chapter 5 the molecular two-photon absorption cross-section,

o, that is the usual parameter in characterization of organic dyes in solution. We present
below the corrected 2PA cross-section of compound #6 in THF as a function of total
photon energy, i.e. pump plus probe. For r~ference, the linear absorption spectrum is also
shown.
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Figure 6-12. Two-photon absorption cross-section of compound #6 in THF vs. total
photon energy: (a) spectral and (b) narrow bandwidth measurements with walk-off
correction; (c) liriear absorption spectrum. The concentration of the solution is C =
0.0244 M.

Identical measurements were performed on the compound #6 dissolved in hexane,
a lower polarity solvent than THF. The concentration of the solution was C = 0.0205 M.
The narrow bandwidth probe experiments we~e performed at the same wavelengths as for
the THF solution, see Figure 6-11. The group index dispersion of the two solutions is
almost identical, so we used the same walk-off parameter values in fitting the
experimental data at various discrete wavelengths. We summarize the fitting parameters,
walk-off and nonlinearity, for both solutions in Table 6-2.
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Figure 6-13. Two-photon absorption cross-section of compound #6 in hexane vs. total
photon energy: (a) spectral and (b) narrow bandwidth measurements with walk-off
correction; (c) linear absorption spectrum. The concentration of the solution is C =
0.0205 M. The fitting parameters are the same as in Figure 6-11.

Table 6-2. Material (p) and nonlinearity (r) fitting parameters for narrow bandwidth
probe experiments in compound #6 (THF and hexane () solutions) centered at
wavelength A.
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We already mentioned the first method used in characterization of two-photon
absorption cross-sections in organic dyes, two-photon induced fluorescence (2PF). The
PTI Quantamaster Spectrofluorimeter in our laboratory can measure_fluo.rescenc.e_sp.ectr.u.-- - over the entire visible range and has been recently upgraded to cover the near IR as well.
We performed degenerate TPF measurements in both THF and hexane solutions of the
same concentrations as for the nondegenerate measurements. We present the two for
comparison in Figure 6-14 (data provided by Joel Hales). The x-axis represents the
energy of two degenerate photons. The pump wavelength from the TOPAS-1 (OPA-1)
was varied in steps of20 nm from 550 nm to 900 run
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Figure 6-14. Degenerate two-photon absorption cross-:-sections measured from twophoton induced fluorescence in compound #6 in THF and hexane.
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The degenerate (from TPF) and nondegenerate (from WLC) spectra of this compound in
both THF and hexane present very similar features (peaks and valleys) and follow closely

nonlinear absorption spectra.
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#6 in THF and hexane.
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6.4. Conclusions
The careful analysis of 2PA processes presented in this Chapter, to include pumpprobe walk-off effects, is very important when the wavelengths used in the experiment
are nondegenerate. The correction is especially relevant over spectral regions with large
dispersion of the refractive index of the material under study. The rules of thumb are as
follows: pump and probe pulses with very different wavelengths propagate in the sample
with different group velocities and therefore the effective interaction length is
significantly reduced; the magnitude of the nonlinear signal observed iI1 the experiment is
artificially reduced due to poor overlap of the pulses and leads to errone·ous estimations
of the magnitude of the nonlinearity.
The complete analysis was first applied to a semiconductor and successfully
revealed the correct magnitude of the two-photon absorption coefficient; We use the
same treatment for organic samples and correctly explain the strange behavior of the
nonlinear spectrum at short wavelengths (a sharp and narrow peak has been observed in
fluorene and PTA derivatives,' see Chapter 5). Finally, other methods ate currently used
to verify the results obtained with our nonlinear spectrometer, including two-photon
induced fluorescence and Z-scan, and the agreement is very good.
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7. CONCLUSIONS

The work described in this thesis revolved around building a femtosecond
nonlinear spectrometer for materials characterization. Much work was expended on
developing and continuously improving the femtosecond light sources. However, a great
deal of work was also done in understanding the limitations imposed on the experimental
results-due to the nature of the probe beam itself. The good results obtained towards the
end of this work, on previously well-characterized materials, provide an excellent check
of our apparatus.
There existed a homebuilt femtosecond system, based on Cr:LiSAF as the gain
medium, operating at only 10 Hz. This light source was not suitable for generating WLC
due to its fluctuations over time and low repetition rate. A kHz system was the ideal
alternative for a better SIN ratio and the fact that it became commercially available, with
a robust and compact design made these experiments possible. The CLARK laser, CPA2000, did not operate at the manufacturer specifications when it first arrived in our lab.
The spatial profile suffered great distortions due to thermal effects in the amplifier rod
and compressor grating. It took more than a year to "debug" most of the design problems
and replace faulty optical elements. Finally, the initial system was entirely replaced

by

the next generation of CPA-2001 lasers. The latter turned out to have been improved in
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many aspects, especially spatial and temporal beam profiles and stability over many
hours of operation. All the results obtained with the first laser system were susceptible to
large errors, especially absolute calibration of the pump-probe experi~ent. Some of the
experiments performed during the first stage of the project have been repeated with the
new laser system and revealed somewhat different results. Where materials are still
available (some of them were provided by other research groups in limited quantities), it
is desired to check the initial results. We now have confidence and a better understanding
of the system and different experimental methods became available during the last year
that show a good agreement with the nonlinear spectrometer results.
We also purchased two OPAs', tunable femtosecond light sources, that arrived at
approximately one year intervals one after the other. These have greatly expanded our
capabilities for studying various materials owing to their broad tunability (500 nm to
2200 nm) and high-energy output (tens of µJ). We can accommodate many different
materials, from semiconductors to organics and dielectrics. The output beam has good
spatial and temporal characteristics that can be further improved for a specific application
where tunability is not a requirement (we fix the pump and probe wavelengths as opposed
to continuously tuning the wavelength during one experiment). We set up different paths
for pump and probe beams to ease the process of switching between near IR and VIS
wavelengths for either beam. We learned that longer wavelengths are more suitable for
generating visible WLC and experimented on several geometries for _generation of WLC
where short focal length lenses focus the light onto large bandgap materials, i.e.,
sapphire, fused silica, BK7.
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The detection system for ~ur nonlinear spectrometer includes a low-resolution
spectrometer coupled to water-cooled dual CCD arrays, Silicon and InGaAs for visible
and near IR, respectively. By coupling the probe beams to the input slit through a twofiber leg we are able to register the -continuum probe and reference spectra versus time
delay between pump and probe pulses.
There are limitations on the lowest nonlinear signal that can be measured in our
setup mainly due to continuum fluctuations. The probe beam is the result of high order
nonlinear processes and therefore it will further amplify the fluctuations coming from the
laser and, even larger, from the optical parametric generator/amplifier device. Monitoring
the pro be fluctuations through the reference beam does not work well enough because of
the spatial chirp of the beam. The spectral distribution that is recorded is often different
between the pro be_and reference beams. As a consequence, large signals are desired in
transient absorption spectroscopy and this fact leads to the need of carefully analyzing the
raw data for a correct interpretation. The absolute calibration of the system, that is
complete temporal and spatial characterization of excitation beam, remains difficult and
susceptible to errors. We use other methods, i.e. narrow bandwidth pump-probe
experiments and picosecond Z-scan, to calibrate the nondegenerate experiment and
estimate the absolute errors to be as large as 50%, although the relative errors from one
wavelength to another remain small, -5% . .
The ultimate goal of this work is inferring structure-property relations in organic
materials. For this purpose, we have analyzed three classes of compounds. In each one of
these classes, we look at dyes with very similar molecular structures and try to identify
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which molecular fragments are responsible for the nonlinear properties. The trends that
we observe should be the outline of future design work aimed towards materials with
improved nonlinear properties for a specific application, e.g., two-photon confocal
microscopy, optical limiting, etc.
Finally, in our nondegenerate two-photon absorption studies we carefully include
effects of pump-probe temporal walk-off, i.e., group velocity dispersion: This more
complete analysis provides excellent agreement with other methods on well-characterized
semiconductor samples. We went further and applied the same treatment to organic dyes,
less dispersive materials, on which previous data is very scarce in the literature. The
results were confirmed through other experimental methods and gave us confidence in
future work.
An overwhelming amount of work in synthesis of new dyes is being performed by
various chemistry research groups. Our nonlinear spectrometer can provide very useful
information on the nonlinear properties·of these new materials and point out some of the
main directions to go in this multi-dimensional search space.
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APPENDIX A

Nonlinear absorption and refraction from Maxwell's equations
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To study the interaction of light with matter we have to start with the Maxwell's
equations for the electromagnetic field:

--+

V·D=Pexr
--+

V·B=O
--+

aB
VxE=-at
aD
VxH=J--

(A-1)

--+

--+

--+

--+

iJt

where
~

~

~

--+

D=£ 0 E+P=tE
~

--+

--+

(A-2)

--+

B=µ 0 H+M=µH

In the usual optical medium such as a dielectric there are no free charges ( p ext = 0 ), no
--+

--+

free currents ( J) and no induced magnetic moment (M ). In this case, by taking the curl
of the third of Equations A-1 and using Equations A-2 we obtain:
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~

VxVxE+µ 0

-

~

a ~
~
aD
~
a (£
-(VxH) = VxVxE+µ - - = VxVxE+µ
2

0

dt

~

2

dt2

0

dt2

0

-4

E+ P)

=0

.

(A-3)

Defining the speed of light as c = 1/ ~£0 µ 0 we can rewrite Equation A-3 as follows:

~

~

1 a2 E
a2 -P
VxVxE+---=-µ
2
2
~

c2

dt

dt

O

(A-4)

•

Using the identity V xV xF = V · (V ·F)-V 2 F we obtain:

a

~

2

~

a

~

2

1
E
P
V· V·E -V E+---=-µ
.
0 -2
2
2
~)

(

2

c

dt

~ =0 , which means V ·
For no free charges V · D

dt

(A-5)

( ~) =
£

E

~ eV · E
~ == 0. In nonlinear
V £ · E+

~

optics the term V £ · E does not automatically vanish even for isotropic media unless the
input is an infinite plane wave. However, this term is generally very small and it can be
dropped when using the slowly varying envelope approximation, which is our case (see
later). Hence, we will assume that the first term of Equation A-5 is identically zero. It is
useful to separate the linear and nonlinear parts of the polarization. Moreover, let's include
the imaginary part of the linear polarization (responsible for linear losses) in the nonlinear
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part, hence separating only the real part of the polarization, responsible for propagation
through the medium:

Equation A-5 becomes in this case:

(A-7)

From Equation A-7 we obtain the linear refractive index of the material to be:

n 0 =~l+Re{x(l) ).

(A-8)

A brief discussion is necessary to explain the applicability of Equation A-8. To define the
refractive index we have to look at Equation A-7 in the absence of any nonlinearity. In this
case the term on the right side contains only the linear absorption. If we do not separate the
real and imaginary parts of the linear susceptibility (i.e., put the linear absorption on the
left side of Equation A-7), we obtain in the linear case:
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~

v72 E

~

1+-v(l>a 2 E
_A,_

c

2

dt 2

=O

(A-9)

which is the wave equation for propagation in a medium with a complex index of
refraction 17 given by:

(A-10)

With this, our definition of refractive index (Equation A-8) yields:

(A-11)

The solution for Equation A-9 has a spatial dependence as

eilq,

=/1Jkoz =eink ze-rt z. We
0

0

can see that the term e-""0 z defines the linear absorption of the material. To estimate how
good an approximation is n0 to n, let's see what happens if
we assume, for example, that
.

K

K

is comparable with n. If

= l we obtain for 1 cm of sample at 628 nm a linear

transmittance of e-100•000 • Hence, for all practical purposes (i.e., excluding an input electric
field wavelength at the peak of the linear absorption spectrum of the material), we have
K

<<I, such that we can affirm from Equation A-11 that n0

=n .

Hence, the wave equation for propagation through the material (Equation A-7) becomes:
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(A-12)

In the absence of nonlinear effects the term on the right side of Equation A-12 gives only
the linear absorption of the medium. Let's assume a quasi-monochromatic input electric
field propagating along the z-axis inside the sample. In this case the electric field and the
induced polarization vectors are given by:

(A-13)

where we have separated the slowly varying amplitudes of the electric field and
polarization from the fast oscillating term

e-iax

and the propagation term e-ikz. With

Equation A-13 in Equation A-12 we obtain the nonlinear wave equation for the amplitude
of the electric field:

.

~at

aPNL

z2m---m

2~
PNL

l

(A-14)

for pulses much longer than the optical cycle (which is usually the case) we can ignore the
derivatives with respect with time (rate of changes) when compared with
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m. This

approximation is called the Slowly Varying Amplitude Approximation (SVEA).
Furthermore, since the nonlinear effects are very small we can also ignore the derivative of
the nonlinear polarization to obtain the following expression:

~

l

2 ~
no . d E
2 ~
2 ~
2 [ z2m-+m E =-µ m PNL.
V E+2
0

C

dt

(A-15)

We can separate the Laplacian operator into the transversal and longitudinal parts, i.e.,

(A-16)

If the beam does not change much its spatial profile we can make the assumption that the

transversal derivative is much smaller than the derivative along the z-axis. This
approximation is called the "thin sample approximation" and it holds for sample lengths
smaller than the Rayleigh range (or diffraction length) of the beam. We actually neglect the
diffractton inside the sample assuming that the beam remains collimated throughout the
medium.
Another approximation that we make in defining the field in Equation A-13 is the
paraxial approximation, which assumes that the rate of.change in the z direction is much
_smaller than the propagation vector, leading to the neglecting of the second derivative in
respect to z (i.e.,

ja az
2

/

2

j << /2ikd I az/ ). In other words, the same way we assumed that no
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amplitude changes are made during one temporal cycle, we can assume that no significant
changes are made during a spatial cycle. With these approximations, and with k

= n0 m I c

we obtain from introducing Equation A-16 in Equation A-15 the SVEA nonlinear_wave
equation for the thin sample in the parax.ial approximation:

(A-17)

For media with negligible dispersion of the refractive index over the bandwidth of the
pulse we can assume that n 0 is the same for the frequency components of the beam. In this
case we can make a transformation to the moving frame (ie., traveling at the same speed
as the field through the medium) through the following relations:

z'= z,

n0

t'=t-- .z

(A-18)

C

Then Equation A-17 simplifies to:

a

- ~ - - - - = iµcm~
-0 -PNL (~
r,t',z }
2n 0
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(A-19)

where t' is a parameter for this propagation equation because no chirp was considered,
such that for every frequency Equation A-19 has the same expression.
We can drop the vector notations in Equation A-19 since we can write it for any
vector component. We can then separate the amplitude and the phase of the complex
electric field

E=Aei«>,

(A-20)

where A · and <I> are real functions.
For the purpose of this dissertation, only the odd terms in the expansion from
Equation A-6 are of interest (as explained in Chapter 1). If we consider only the first
nonlinear terms in Equation A-6 that oscillate at the same frequency as the input electric
field (i.e., we are interested in self-action only) we obtain the third-order nonlinear
polarization (including the linear absorption term) as:

(A-21)

Introducing Equations A-20 and A-21 in Equation A-19 we obtain, after separating the real
and imaginary parts:

(A-22)
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(A-23)

These equations give the rate of change of the amplitude and phase of the electric field in a
nonlinear medium with a third-order nonlinear response. We can write Equations A-22 and
A-23 in terms of irradiance by using the definition of irradiance I = noc£o A 2 and using
2

dA 2
dA
the fact that - - = 2A- as follows:

az

dz

(A-24)

(A-25)

where we used k

= n0 k 0 = n0 0J I c. Equation A-24 defines the two-absorption process (/3

is the two-photon absorption coefficient) and Equation A-25 defines the optical Kerr effect
( n 2 is the nonlinear refractive index). To summarize, the parameters that characterize the
absorption and refraction in a third-order nonlinear medium relate to the susceptibility as
defined in Equation A-6 by:

n 0 = ~1 + Re(x(l) ),
(A-26)

Re(z< 3))
n2

=

2

and

no C£o
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APPENDIXB

Two-photon absorption nonlinear parameters:
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~

and 8

We now describe the procedure of calculating the two-photon absorption
parameters from nonlinear absorption data. As it was mentioned in Chapter 1, we define a
two-photon absorption coefficient, /3, through the intensity dependent (nonlinear)
component of the total absorption coefficient a :

a= ao +aNL

= ao +/JI,

(B-1)

Here /3 is expressed in units of cm/OW.
We write the propagation equation for the probe irradiance at a wavelength A in
the nondegenerate case and no pump depletion approximation as follows:

dl(z,t)
.
-d-z- = -ao (A)l(z,t)-2/Jn (A,A-p )IP (lp ,0,t)I(z,t)

(B-2)

where subscript p refers to the pump beam and /3n (A, AP) is the nondegenerate twophoton absorption coefficient at the probe wavelength 1 and fixed excitation Ap. Since
all our measurements were done for the nondegenerate case, we drop the subscript n and
pump wavelength Ap in writing /J(A) = /3n (A,Ap). We write the nonlinear and linear
transmittance of the probe through the sample of thickness Las:
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TNL (A)= 1(0, t) exp[-a0 (J)L] exp[-2,8(.-1)1 P (0, t)L],

(B-3)

TL (A)= 1(0, t) exp[-a0 (A)L].

(B-4)

Then we can easily write the differential change in transmittance, often times with a"-"
sign (absorption signal is positive), as:

fl.T
T

TNi -Ti = 1-exp[-2/3(.-1)1 P (O)L]
Ti

(B-5)

We observe in the equation B-5 that the linear absorption of the sample at the probe
wavelength factors out from the calculations and the only parameter needed is the pump
input peak irradiance. This is the probe irradiance transmittance and needs to be
integrated over the detector response time (much greater than the pulsewidth). We obtain
the fluence transmittance, defined by Q =F(L) I F(O), as follows:

(B-6)

The time integration can be performed if the pump and probe pulse shapes are known,
i.e., Gaussian profiles. If the pump and probe field amplitudes are written as:
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(B-7)

(B-8)

where A=

w

.

and W = - are the ratios of the initial probe and pump amplitudes
Wp

and widths, respectively, and -rd is the initial pump-probe delay time, we can perform
the integration in (B-6) using Equations B-3 and B-4 to obtain:

In Equation B-9, a= a 0 (J)L and

r =/J(J)/ P (O)L. The nonlin~ar term, r, can be

inferred from (B-9) by numerical fitting of the experimental value for (l
In the experiment, we collect the linear (in the absence of the pump) and
. nonlinear transmittance spectra of the white-light continuum probe after passing through
the sample, as a function of pump-probe tim~ delay, as described in Chapters 3 and 4.
Due to continuum chirp, in the assumption that the maximum 2PA signal occurs at zero
delay between pump and probe, the peaks of consecutive transient normalized nonlinear
absorption spectra (after division point by point of the linear and nonlinear transmittance
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spectra) reveal the chirp-corrected nonlinear absorption spectrum. We thus obtain the
left-hand-side in (B-9), Q and /3(A) can then be inferred.
Two-photon absorption coefficient is usually a proper nonlinear parameter for
characterization of inorganic sa~ples, insulators, dielectrics, crystals, solid samples in
general. For organic dye solutions, the nonlinear absorption coefficient will depend on
concentration (molecules per unit volume) and thus an absolute comparison between
different dyes is hard to be established. A concentration independent nonlinear parameter
was defined to properly characterize these materials, generalized molecular two-photon
absorption cross-section, 8, in units of cm4• s/photon (Goeppert-Meyer units). This
quantifies the nonlinearity per single molecule and is calculated from tlie two-photon
absorption coefficient using:

(B-10)

where NA is Avogadro's number, C is the sample concentration (mol/i) and hv is the
photon energy. This formula was initially used with results from degenerate techniques;
· for our nondegenerate experiment, we take v as the frequency of light that corresponds
to an equivalent degenerate two-photon absorption, i.e. v = (v probe + v pump) I 2 ·
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